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1. INTRODaCTlON 


The objectives of the Shuttle Sortie LDRL-10. 6 Experiment are 1) 
to demonstrate the feasibility of a high performance laser communication 
link capable of transmitting wideband (400 Mbps) data from a low earth orbit 
shuttle to a .high altitude satellite or to an earth station, and 2 ) to make 
engineering measurements required for the design of future operational 
systems. Figure 1-1 illustrates the LDRE-10.6 Experiment link config- 
urations for Shuttle to elliptical orbit satellite link and for Shuttle to ground 
link. This volume deals exclvTsively with the Shuttle to elliptical orbit link. 
The Shuttle to ground link is treated in Volume II. 



FIGURE 1-1. LDRL-10.6 EXPERIMENT LINK GEOMETRY 


' LDRL-10. 6 is an acronym for laser data relay link at a wavelength of 
10 - 6 pm(CO 2 laser). 
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2. EXPERIMENT OBJECTIVES 


2.1 INTRODCJCTION 

The LDRL-10. 6 Experiment objectives on the Space Shuttle are:l) 
communication and 2) system development. The communication objective is 
to demonstrate the specified quality and quantity of transmitted data. The 
system development objective deals with implementation problems critical 
to the feasibility of the laser communication systems, such as doppler 
tracking, beam point-ahead, and mutual terminal acquisition and tracking. 


2.2 COMMUNICATION OBJECTIVE 

As data transmission rate requirements have increased, laser 
communication systems have grown increasingly attractive since they 
are capable of providing large data bandwidths and they have small light- 
weight antennas wRh extremely high gains. To evaluate the potential of 
laser communication systems, the LDRL- 10. 6 Experiment has been con- 
ceived as a first generation spaceborne laser communication system. The 
LDRE-10, 6 Experiment communication requirement is to transmit 400 Mbps 
over both the Shuttle to elliptical orbit satellite link and the Shuttle to 

ground link with a bit error rate (BER) of 10"° or less. 


2. 3 SYSTEMS OBJECTIVE 

The second objective of the LDRL- 10, 6 Experiment is to explore 
the operational and hardware aspects necessary to design and operate 
practical spaceborne optical Communication system. These aspects include 
accommodating designs for doppler shift, mixer cooling, acquisition, 
pointing and tracking with extremely high gain antennas, lasers and modu- 
lators, and attendant problems peculiar to the integration of a laser com- 
munication terminal into a spacecraft. 

The extreme doppler shift of ± 942 MHz (Shuttle to Molniya satellite 
link) must be compensated by local oscillator (and/or transmitter) tuning. 

The maximum tracking rate of 48 deg /min (Shuttle to ground link) 
in conjunction with the 1 field of view requirement requires innovative 
spatial acquisition and tracking techniques. 
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Sensitive 10.6 fxm mixers must be cooled to lOOPto 125°K. Adequate 
long term performance of radiation or other types of coolers in a space 
environment is critical to a CO 2 laser communication system. 

The technology of pointing and tracking high gain antennas must be 
demonstrated in a space environment. This will require both precise 
optical alignment and accommodation of transmit-receive beam offset 
(point-ahead) due to velocity aberration. A further problem associated 
with high antenna gains is the initial acquisition within the bounds set by 
orbital positional uncertainties and line of sight angular rates. 



3. DESIGN OPTIONS FOR SHUTTLE TERMINAL 


and reliability dictate the use of Shuttle crew 
capabilities to the greatest degree possible in carrying out the LDRL-lO 6 

Experiment, This general philosophy has been followed in formulating the 

including automatic features inherent to the 

±jUKL-IO. 6 design. 

The experim-mt implementation that has evolved is a composite of 
the previously considered automated, pallet mode and man-tended mode 
Its key features are as follows: '■ i iuue. 


1) The LDRL-10. 6 Experiment transmitter terminal will be 
mounted on the Shuttle forward swing table. 

2) Shuttle position data will be supplied by the Shuttle guidance 
and navigation subsystem, 

3) Molniya satellite position data will be provided by telemetry 

link from mission control, ^ 


4) The payload specialist will place the terminal in operation and 
monitor its performance via the payload specialist's control 
console. 


Si^TablTs^^f^ control functions required to initiate the experiment are listed 


TABLE 3-1, PRINCIPAL CONTROL FUNCTIONS CONTROLLED 
BY PAYLOAD SPECIALIST 



Main bus power 

• 

Transmitter laser power 


Beacon receiver power 


Acquisition circuits pow/er 

• 

Manual/automatic gimbal control 


Lens cover control 


Initial search/roll 


Initial search/pitch 

1. 

Data signal generator/source 




Several other payload specialist/crew activities are required prior 

positioned\nder 

Molniya orbit receiver terminal is centered 
within the transrnitter gimbal field of view. Initial transmitter gimbal 

inputs 

so that 

acquisition and tracking will follow automatically. Should this fail to occur 
after several attempts, the payload specialist will attempt to determine the 
cause and take corrective action. Once tracking has been established the 
experiment may continue under payload specialist control or under monitor- 
ing/control of an onboard computer. The major transmitter termLTi per- 
formance parameters to be monitored by the payload specialist/monitor 
computer and recorded for subsequent analysis are listed in Table 3-2 

In addition experiment specific results will be recorded simultaneousiy 
as discussed in Section 7. <»^icuusiy 


TABLE 3-2. PERFORMANCE PARAMETERS 

MONITORED BY PAYLOAD SPECIALIST 


• 

Telescope angle, pitch 

• 

Telescope angle, roll 


IMC angle, pitch 

• 

IMC angle, roll 

• 

Laser output power 

• 

Laser current 


Laser stability control signal 


Beacon receiver steering pitch 


Beacon receiver steering roll 


Laser temperature 


Structure temperature 


Power supply currents 


Power supply voltage 
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4. ELLIPTICAL ORBIT SATELLITE DESIGN OPTIONS 


The original report outline, specified for this final report, 
discussion oi the following types of spacecraft; 


required 


• NASA Mission Spacecraft 


DOD Mission and STP Spacecraft 
Dedicated Spacecraft and Launch Vehicle 


As the program progressed it became clear that it was in the 
Government's interest to direct the contract effort more specifically to the 
design of a Shuttle terminal rather than examine and document other poten- 
tial terminal platforms, F or this reason the contractor was directed by 
the technical officer to delete this portion of the effort in favor of the 
Shuttle terminal design detail and hardware implementation. 
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5. SHUTTLE TERMINAL DETAILS 


5. 1 SYSTEM REQUIREMENTS 
5- 1 . 1 Orbital Parameters 

Six orbital parameters required to specify a satellite orbit are: 

1) Apogee — Maximum altitude the spacecraft reaches above the 
surface of the earth 

2) Perigee — Minimum altitude the spacecraft reaches above the 
Surface of the earth 

3} Inclination — Angle between the orbital plane and the earth's 
equatorial plane 

4) Longitude of ascending node — Longitude at which the space- 
craft crosses the equator when traveling from south to north 
in its orbit. This longitude is measured relative to some 
reference longitude. 

5) Argument of perigee — Angle between the line to perigee and the 
line to the ascending node 

6) Time — Zero time is defined as the time when the outer satellite 
(in a satellite -to -satellite link) longitude of ascending node is 
zero degree. In addition, groxind station latitude is required for 
space-to-earth terminal links. 

The elliptical orbit satellite used is a Molniya orbit. The nominal 
Molniya orbit is a minimal apsidal rotation orbit inclined at 63.43° with an 
apogee of 39,438 km and a perigee of 926 km. Typical Molniya orbit param 
eters are summarized in Table 6-1, 

The highest doppler and angular rates between the Shuttle and the 
Molniya orbit spacecraft occur for a coplanar Shuttle orbit at the lowest 
Shuttle altitude considered. This is assumed to be in a 185 km altitude 


TABLE 5-1. MOLNIYA ORBIT PARAMETERS 


Apogee 

39,438 km 

Latitude 

63.43'^ 

Longitude 

0° 

Time 

6 hr 

Perigee 

926 km 

Latitude 

63.43° 

Longitude 

o 

o 

00 

Time 

Ohr 

Inclination 

63,43° 

Longitude of ascending node 

-90° 

Argument of perigee 

-90° 

Period 

12 hr 



TIME, HOURS TIME, HOURS 


FIGURE 5-1. DOPPLER FREQUENCY SHIFT BETWEEN FIGURE 5-2. RANGE VARIATION BETWEEN S,^ 
SHUTTLE AND MOLNIYA ORBIT SPACECRAFT AND MOLNIYA ORBIT SPACECRAFT 




6.00 6.05 6.10 6,15 6.20 6.25 6.30 6.35 6.40 6.45 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

TIME, HOURS TIME. HOURS 

FIGURE 5-3. POINT-AHEAD ANGLE VARIATION FIGURE 5-4. 2ENITH ANGLE RATE VARIATION 
BETWEENSHUTTLE AND MOLNIYA ORBIT BETWEEN SHUTTLE AND MOLNIYA ORBIT 

SPACECRAFT SPACECRAFT 


5-2 


60518-3 __S H 60518-5 





TABLE 5-2, ORBIT-IMPOSED COMMUNICATION 
REQUIREMENTS 


Parameter 

Extreme Value 

Range 

46,720 km 

Doppler 

±942 MHz 

Point-ahead angle 

41.7 fjirad 

Angular rate 

13deg/min 


circular orbit. The following parameters were calculated for this orbital 
configuration. 

1) Communication range 

2) Doppler frequency shift 

3) Point -ahead angle 

4) Azimuth angle in local tangent plane relative to north 

5) Azimuth angle rate 

6) Elevation angle measured relative to zenith local 

7) Elevation angle rate ^ 

8) Total angular rate • 

Azimuth and elevation angles are defined relative to a plane that is perpen- 
dicular to the radius vector from the satellite to the center of the earth, 

5,1. 2 Doppler Frequency History 


The worst case doppler shift (for coplanar 185 km circular Shuttle 
and Molniya orbits) has been detei-mined to be ±942 MHz, The partial dopp- 
ler history over a time interval that encompasses this extreme is plotted in 
Figure 5-1. 

5.1.3 Dead Angle Histories and Other Orbit-Imposed Operational 
Environment 

The orbit imposed parameters for the Shuttle to Molniya link that 
affect the design of the respective terminal package are encompassed by the 
extreme values given in Table 5-2, . 

The time variation of the critical part of these orbit-imposed param- 
eters are plotted in Figures 5-1 through 5-4. 



Because of the finite velocity of light and the relative tangential veloci- 
ties, Vx» of tfj-o receiving and transmitting vehicles, the transmit line of 
sight (LOS) and the receive line of sight are displaced. This angular dis- 
placement is the point- ahead angle, a, and is given by: 



c 


In order to maintain small pointing losses, it is necessary to compen- 
sate for the point- ahead angles whenever that angle is comparable to the 
transmitting beamwidth. If the point-ahead angle is small compared to the 
transmit beamwidth the point-ahead function may be unnecessary. 

Three basic techniques for accommodating the point-ahead angle are; 

1) Onboard computation (no LOS reference used) 

2) Onboard sensing and computation (LOS reference used) 

3) Beam scanning with position feedback (LOS reference used). 

The first method is completely open loop positioning; it is used in situations 
where no LOS reference is available. The second and third methods use as 
a reference the LOS between the vehicles provided by the beacon. Each 
method is discussed briefly in the following paragraphs. 

5. 1.3. 1 Direct Onboard Computation 

Direct onboard computation requires: accurate ephemeris data for 
both terminals, spacecraft attitude known to 1/10 of the transmitted beam- 
width, accurate position control within the spacecraft attitude reference, and 
computation to determine the necessary angular position. The onboard com- 
putation method appears to be impractical for laser communication on the 
Space Shuttle, , 

5. 1.3.2 On board Sensing and Computing 

An onboard sensing and computing concept may be implemented in two 
distinct ways, both use the established LOS as a reference. The first calcu- 
lates the magnitude and direction of the point-ahead angle from the known 
ephemeris data, and open-loop points the transmitter beam relative to the 
LOS. The second measures range and angle rate and calculates the point- 
ahead angle by the relation Vq = Ra, where R is the range between vehicles 
and a is the LOS rotation rate in the transmitting vehicle's inertial coordinate 
system. The transmit/receive telescope can be instrumented using small, 
force-restrained, rate gyros to measure the telescope inertial a. The range 
can be obtained by transponding an appropriate pseudonoise sequence or known 
ephemeris data. 


5-4 


The point-ahead angle, a, is shown as the angle between the tracking 
LOS and transmit beam LOS in Figure 5-5. The accuracy required of the 
direction angle is determined by assuming worst case conditions. The worst 
case point-ahead angle magnitude, a, was 40 firad. The pointing error AP 
is defined as: 


AP^ = = Ap^a'^ 


The factors Ao: and Apa are the error contributions due to errors in the 
point-ahead angle magnitude and direction. Assume that the point-ahead 
angle a is approximately 40 jirad and that it is known with an error Aa of 
1 /irad. In order for the second error term, Ap . a, to be no larger than 
the first, the direction angle, p, must be known to an accuracy Ap of 1.4° 
or less a reasonable value for the Space Shuttle. The point-ahead 
direction, p, can be determined to within 0. 5°; therefore the pointing 
errors are within reasonable bounds. This method of point-ahead angle 
compensation is proposed for the Shuttle Sortie LDRL-10. 6 Experiment. 

Consideration of boresight and mechanical alignment errors is neces- 
sary in determining the overall error in beam pointing for each of the point- 
ahead techniques. Spacecraft motion must be taken into account. Motions 
having periods very large with respect to the smoothing time of the angle 
data processing may be assumed negligible, since the computed angular 
position will be updated several times per second. When the transmit beam 
positioning with respect to the receive tracking boresight is accomplished 
after the secondary lens of the system, advantage can be taken of the magnifi- 
cation, M. Two types of errors will be introduced by the point-ahead 
mechanism, magnitude errors in a and a bor esight/alignment error between 
the mechanism and the receive LOS. The overall error in point-ahead angle 
and direction can be shown to be 


AP 


pointing 


= Act + 




alignment 


+ e 


2 


point-ahead servo 


The alignment and servo errors will be on the order of 10 to 20 grad Dr less 
while the magnification is 41. Thus, the expected point-ahead error due to 
alignment and boresighting should be 2 grad or less. 

5. 1.3.3 Beam Scanning With Position Feed back (LOS Reference Used) 

Initial performance evaluations show the scanning concept to be work- 
able and practical to implement. Various ways to accomplish scanning with 
position feedback are given below. • ^ ^ ^ ^ ^ ^ ^ 



One scan technique tc .determine point-ahead angles and directions is 
utilized by the viewing satellite to sense the transmitted beam energy while 
the beam is being spiral scanned about the receive beam LOS. The signals 
transmitted on the narrow scanning beam are coded with position information 
as shown in Figure 5-6. The receive satellite may normally detect only two 
or three of the position coded transmissions. Since scanning the narrow 
beam opens the tracking loop, this requires either an attitude position mem- 
ory capability of approximately 0. 5 second, or an auxiliary beacon that per- 
mits track- while- scanning, or short term vehicle stability of the order of 
one transmitting beamwidth. 

Once the transmit beam has been sensed by a satellite at two or 
three of the positions (e. g. , positions 24, 25,, and 26 of Figure 5-6) this 
position information is relayed to the transmitting servo. The transmitting 
beam then moves directly to position 25, thus pointing toward the receiving 
satellite. In order to maintain the pointing, the narrow transmitting beam is 
nutated about the correct position (e. g. , position 25). Again the receiver 
senses the error in pointing from the position coded nutation and relays the 
error signal back to the transmitter pointing servo. • 

An alternate scanning concept utilizing a conical scan about the 
tracking LOS is shown in Figure 5-7. This concept utilizes quadrant coding 
of the transmit beam that tells the point- ahead angle system which quadrant 
to program the pointing vector. The system would require a programming 
or logic to reduce the rate of change of the point-ahead angle, ot , as the 
correct point-ahead angle and direction are approached. The conical scan 
geometry and quadrant signal position modulation detected at terminal B 
are shown in Figure 5-7. The beam scanning concept of Figure 5- 7a illus- 
trates the beam motion about the axis of the receive beam or tracking line 



5-6 


60518-7 


whejf^here^if^n geometry and received signal- 

and no poTnt-lhL^JfirquTre"" Ffg^^ ‘s^fanl^’ T — 1‘^- 

with relative motion between terminals Th^. V geometry 

by considering the point B' which is displaced £rom'ftl''rtc“fe S 

"roTtrb:tw:enTanTA°"^^^^^^ thft-ange^ial 

is a ureTthe“1,u1VeJ"pointa'5j:::':: 

process is continued wiSrtL ^ traL^^.H^r “-i direction. This 

manner until the required beamwidth i^acMever “ controlled 


AB RECEIVE 
LINE OF SIGHT 


SCAN DIRECTION ABOUT AB 


NO RELATIVE MOTION 



3 dB LEVEL OF 
TRANSMIT 


AB RECEIVE 
LINE OF SIGHT 


RELATIVE MOTION 


^=POINT-AHEAD ANGLE 
direction DUE TO 

relative tangential 

VELOCITY 

LOCUS 
CENTER OF 
, g, transmit BEAM 


^'AB RECEIVE 
LINE OF SIGHT 
IV AXIS 


SIGNAL RECEIVED BY B 



TIME, t 


SIGNAL RECEIVED BY B 



TIME, t 


FIGURE 5.7. CONICAL SCAN POINT AHEAD GEOMETRY AND BEAM MODULATION 




5,1.4 Shuttle Terminal Interface 


5, 1.4. 1 Vibration Environment 

Flight 

The Shuttle vehicle will be subjected to fluctuating pressure loading 
on its exterior surfaces by engine exhaust, Shuttle generated acoustic noise, 
and airflow generated aerodynamic noise during powered ascent through, the 
atmosphere. These fluctuating pressure loads are the principal sources of 
structural vibration. ^ 

The estimated random vibration for the cabin and midfuselage payload 
interface due to the fluctuating pressvare loads is shown in Figure 5-8. These 
vibration levels exist for approximately 29 seconds per mission. The reentry 
vibration environment is negligible. Actual vibration input to payloads will 
depend on the transmission characteristics of the midfuselage, the payload 
support structure/ and interactions with each payload's weight, stiffness, and 
center of gravity. . 

Transient Vibration. Events such as gust loading, engine ignition 
and cutoff, and separation and docking will induce low frequency transient 
responses in the Shuttle vehicle. The response for each event for various 
locations will be calculated. However, for the interim, the overall effect 
of these transient events is accounted for by a swept sinusoidal vibration 
environment imposed in the frequency range from 5 to 35 Hz at an accelera- 
tion amplitude of ± 0. 25 g peak. 



FIGURE 5-8. RANDOM VIBRATION AT PAYLOAD MIDFUSELAGE 
INTERFACE AND IN CABIN 
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ground. The ground vibration spectrum that the payloads are expected 
to experience IS a minimum of four sweeps at 1/2 octave per minute at the 
followmg levels (sinusoidal motion); 

2 to 5 Hz at 1 . 0 inch double amplitude 

5 to 26 Hz at 1.3 g peak 

26 to 500 Hz at 0. 36 inch double amplitude 

500 to 1000 Hz at 5 g peak 

5, 1,4, 2 Power Requirement 

. LDRL-IO. 6 Laser Experiment for Shuttle will require 195 watts 

in Table^^S^^'^ input power. A power requirement breakdown is given 

5, 1.4, 3 Shuttle Base Motion (Stabiliz at ion) 

The LDRL-10. 6 Shuttle Experiment terminal stabilization and pointing 
design is predicated on a Shuttle short term motion of 0. 01 deg/sec and a 
long term motion of 0. 1 deg/sec (about an arbitrary axis), 

5-1*5 Elliptical Orbit Terminal Interface R equirements 

The following section describes the angular field of view requirements 
placed on an elliptical orbit satellite and describes the ground station view 
times in terms of satellite parameters. 

5. 1. 5. 1 Spin Axis Orientation Trade for Ellipt ical Orbit 

Three spin axis orientations have been investigated for a spin stabi- 
lize^d relay satellite in an elliptical orbit; normal to the ecliptic plane, normal 
_o ^e orbit plane, and normal to the equatorial plane. These are illustrated 
in Figure 5-9. When the spin axis is normal to the ecliptic plane, the sun 
angle is optimum; that is, the sun line is always normal to the spin axis. This 


TABLE 5-3. SHUTTLE TERMINAL 
POWER REQUIREMENTS 



Power, W 

Transmitter laser input 

100.00 

Transmitter electronics 

76.00 

Pointing subsystem 

8.25 

Beacon receiver 

1.00 

Control panel 

10.00 

Total power 

195.25 
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FIGURE 5-9. SPIN AXIS ORIENTATIONS 


ii ; ■ ' ' ? 



-30 ' -20 -10 0 10 20 30 

AZIMUTH, DEGREES 


FIGURE 5-10. FIELD OF VIEW REQUIREMENTS FROM A 
12 HR ELLIPTICAL ORBIT SATELLITE WITH SPIN AXIS 
NORMAL TO ORBIT PLANE 
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provides maximum power. However, the FOV requirements to service a LEO 
user vary with both orbit orientation and time in orbit. Asa result this spin 
axis orientation requires maximum FOVs for a communication terminal. 

If the spin axis is normal to the orbit plane, the FOV requirements to 
service a LEO vary only with time in orbit. This results in minimum LEO 
FOV requirements. In addition, the sun angle varies with both orbit orienta- 
tion and season. The potential sun angle variation is from -40° (sun line 40° 
from normal to spin axis, toward aft end of relay satellite) to 87° (sun line 
87° from normal to spin axis, toward forward end of relay satellite). This 
spin axis orientation results in an unacceptable sun angle variation. 

With the spin axis normal to the equatorial plane, the maximum sun 
angle variation is an acceptable ±Z3.4°. In addition, the FOV requirements 
to service a LEO user are independent of orbit orientation and vary only with 
time in orbit as indicated in Figure 5-10. This spin axis orientation provides 
the best balance of sun angle variation and FOV requirements. A summary of 
the satellite orientations is given in Table 5-4. 


The FOV requirements to service Space Shuttle with a spin stabilized 
elliptical relay satellite in an elliptical orbit are a function of the time in 
orbit or, equivalently of the relay satellite altitude. To service Space Shuttle 
throughout the time in orbit for which the relay satellite is above 9000 n.mi. 
altitude, the azimuth field of view requirement is ±20° while the elevation 
FOV requirement is -10° to 50°. This is presented graphically in Figure 5-11. 


The azimuth/ elevation 
coordinate system to point to 
Space Shuttle is illustrated in 
the adjacent sketch. The azi- 
muth plane is canted down from 
the spin plane by 25°. z z- 

This avoids tracking Space 
Shuttle at high elevation angles 
(up to 75° if this cant were not 
incorporated) and reduces the 
maximum azimuth tracking 
rate required, 


Y 



LOS TO EARTH 
CENTER 


LOS TO SPACE SHUTTLE 


TABLE 5-4. SPIN AXIS ORIENTATION TRADE FOR ELLIPTICAL ORBIT 


Spin axis orientation 

Normal to ecliptic 

Normal to orbit 

Normal to equator * 

Field of view 
requirements 

Maximum 

Vary with orbit orientation 
and time in orbit 

Minimum 

Vary with time in orbit 

Intermediate 

Vary with time in orbit 

Sun angle variation 

Minimum 
Constant at 0° 

Maximum . 

Varies with orbit 
orientation and season 

Range: -40° to 87° 

Intermediate 
Varies with season 
Range: ±23.4° 


*Baseline for spin stabilized. 

















ELEVATION, DEGREES 


The FOV requirements to point a downlink antenna from a spin stabi- 
lized relay satellite in an elliptical orbit to a Washington, D. C. ground sta- 
tion are a function of both time in orbit and ground track location. To provide 
the downlink pointing throughout the time in orbit for which the relay satellite 
is above 9000 n. mi. altitude, the azimuth FOV requirement is ±15® while the 
elevation FOV requirement is 0® to 45®. This assumes an arbitrary ground 
track location and a minimum ground station elevation angle of 5®. This is 
illustrated in Figure 5-12. The azimuth/ elevation coordinate system for down 
link pointing is identical to the azimuth/ elevation coordinate system used to 
point at Space Shuttle. 

5. 1. 5. 2 Ground Station Visibility Times 

In an elliptical orbit the groiind station visibility times vary with the 
ground track location. The total visibility time is maximized by positioning 
the ground track such that the two apogees are located 90“ and 270" east of 
the ground station longitude location. For this geometry, the ground station 
elevation angle is above 5® for approximately 18. 8 hours per day and above 
20® for approximately 13. 5 hours /day, with a nominal relay satellite orbit. 
Figure 5-13 diagrams the elevation angle and the orbital time for the two 
orbits each day. Figure 5-14 gives the time in orbit above various altitudes. 



FIGURE 5-11. ELLIPTICAL ORBIT SATELLITE 
FIELD OF VIEW REQUIREMENTS TO TRACK 
SPACE SHUTTLE WITH SPIN STABILIZED 
ELLIPTICAL ORBIT SATELLITE SPIN AXIS 
NORMAL TO EQUATORIAL PLANE 



-30 -20 -10 0 10 20 30 


AZIMUTH, DEGREES 

FIGURE 5-12. ELLIPTICAL ORBIT SATELLITE 
FIELD OF VIEW REQUIREMENTS TO TRACK 
GROUND STATION ELLIPTICAL ORBIT 
SATELLITE SPIN AXIS NORMAL TO 
EQUATORIAL PLANE 
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FIGURE 5-15. ALTITUDE AT GROUND STATION RISE 


Orbit perturbations decrease the nominal time above 5° elevation 
angle by a maximum of 0. 5 hour /day. Orbit perturbations decrease the nomi 
nal time above 20® elevation angle by a maximum of 2 hours /day. 

For an elliptical orbit relay satellite the altitude at ground station 
rise and set varies with ground track location. For a nominal orbit, the 
altitude at rise and set is approximately 9000 n.mi. (This has been selected 
as a nominal minimum altitude at which the relay satellite must provide ser- 
vice to the Space Shuttle. ) 

Orbit perturbations can cause the altitude at 5® elevation angle to be 
as low as 7500 n.mi. However, it takes only 13 minutes for the relay satel- 
lite altitude to increase from 7500 to 9000 n.mi. Since this is 2 percent of 
the total time spent above 5° elevation angle on each orbital pass, a 
9000 n.mi. minimum operational altitude results in negligible loss of groimd 
station visibility time for worst case orbit perturbations. 

Figure 5-15 illustrates elliptical orbit satellite altitude at ground 
station rise. 

5.1.6 Elliptical Orbit Satellite Support Subsystem Requirements 

Elliptical orbit satellite receiver support subsystem requirements 
fall into three major cate go ries: 

1 ) Telemetry and command 

2) Prime power subsystem 

3) Attitude control subsystem 
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5. 1.6. 1 Telemetry and Command 


Telemetry and command requirements for the elliptical orbit ter- 
minal are treated in Section 5.4^2. 6. The principal receiver operation 
telemetry and command functions are given in Talale 5-5. 

In addition to these telemetry and command requirements for 
receiver operation, additional downlink telemetry capacity is required for 
transmission of wideband receiver and link performance measurement 
data (Section 7 ). 

5. 1.6.2 Prime Power Subsystem 


The elliptical orbit terminal conditional prime power requirements 
estimate for the deployed (27. 5 cm aperture) receiver is given in Table 5-6. 

5. 1. 6. 3 Attitude Control Subsystem 

The elliptical orbit .attitude control subsystem requirements imposed 
by the optomechanical design are 1) that it maintain the Shuttle Terminal 
within the 20° by 20° receiver gimbal FOV and 2) that during acquisition the 


TABLE 5-5. COMMAND AND TELEMETRY REQUIRED FOR 
MOLNIYA ORBIT TERMINAL 


COMMAND FUNCTIONS 

TELEMETRY FUNCTIONS 

Laser local oscillator on-off 

Laser local oscillator power 

Beacon source on-off 

Laser local oscillator stabilization 

Point roll angle 

Beacon power 

Point pitch angle 

Point roll angle 

IMC manual control 

Point pitch angle 

Search mode on 

IMC position (roll axis) 

Acquisition threshold 

IMC position (pitch axis) 

Laser local oscillator stabilization control 

Laser temperature 

Laser local oscillator frequency control 

Structure temperature 
Lock and track indicators 


TABLE 5-6. MOLNIYA ORBIT LASER 
TERMINAL PRIME POWER 
REQUIREMENTS 



Power, W 

Local oscillator input 

13.00 

Receiver electronics 

20.80 

Pointing subsystem 

10.31 

Beacon transmitter 

100.00 

Total power 

144.11 
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receiver terminal base motion not exceed 0.03 de^/sec required tor the 
40C Mbps system. 

5. 1.7 Ground Station Requirements tor Klliptical Orbit Terminal Test 

The ground stations to be employed in testing the elliptical orbit 
receiver are the existing stations ol the Goddiird Ojjtical Resean. h I'at ility. 
The 48 inch aperture, precision tracking telescope locatefl near Greenljelt, 
Maryland is shown in Figure 5-lo. A transportaljle 30 iiu. h aperture t'ai il- 
ity, shown in Figure 5-17, may be moved to achieve the l)est possibh' upi'ra- 
tional environment. Tor the purpose oi testing the elliptical orbit receiver, 
the LORI. -10. 6 transmitter engineering model will be mated ti; eitlu'i* ol 
tliese ground station telescopes. 



FIGURE 5-16. FORTY-EIGHT INCH (1.22 METER) GROUND STATION 
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II the traekiny aljility of tlie cliosen tele 
ground station requirements of Table 5-7 it w 
engineering model LDUL-10.6 to participate i, 
transmitter IMC, output may then be relayed di 
ary through appropriate transfer optics without 
optical head. 


FIGURE 5^17. THIRTY INCH (76 CENTIMETER! MOBILE GROUND STATION 


m 


Poor ovality 









power budget. Table 5-8 is a concise summary 
ot both the required ground station parameters and the LDRL-10.6 space 
parameters. Table 5-9 provides greater detail of the fixed losses and of 
parameters that contribute to the receiver noise performance. 

5-18 through 5-21 give the envelopes of angular rate, point- 
^ead angle, and doppler, respectively for the ground terminal. Based on 
these orbital considerations and link power budget calculations, the require- 
ments for the ground station are summarized in Table 5-7. 


TABLE 5-7. GROUND STATION REQUIREMENTS FOR 
ELLIPTICAL (MOLNIYA) ORBIT RECEIVER TEST 


Maximum azimuth rate 

12 deg/min 

Maximum elevation rate 

12 deg/min 

Minimum telescope diameter 

35 cm 

Maximum point-ahead angle 

50 firad 

Maximum doppler 

-390 MHz 


TABLE 5-8. LINK BUDGET FOR GROUND TERMINAL TO 
ELLIPTICAL (MOLNIYA) ORBIT RECEIVER LINK 


Nominal, dB 


TRANSMITTER PARAMETERS 

Modulated laser output power ( 1 W) 0.00 

Beam splitter loss -0.22 

Collimating lens loss -0.09 

Diplexer loss _q '41 

Beam preexpander loss .044 

Image motion compensator loss - 0.22 

Relay mirrors loss ‘ -o !22 

Beam expander loss -0.44 

Pointing mirror loss ,o[n 

Obscuration loss (gamma = 0 . 200 ) - 1.49 

Pointing loss 0.00 

Ideal aperture gain (0.350 m aperture) 100.32 

PATH parameters 

Space loss (R = 42291 km) -274.00 

Atmospheric attenuation loss - 8.00 

RECEIVER PARAMETERS 

Ideal aperture gain (0.275 m aperture) 98.21 

Obscuration loss (gamma = 0 . 200 ) -o!l 8 

Image motion compensator loss -0.46 

Local oscillator diplexer loss - 0.04 

Beacon diplexer loss -0.13 

Optics reflectance losses -0 44 

Heterodyne detection loss -T85 

Detector noise degradation -o !47 

Planck's constant 331 J8 

Carrier frequency, dB (Hz) 134.52 

Detector quantum efficiency - 2!22 

Data bandwidth, dB (Hz) (352 MHz) -85 47 

Data bandwidth signal/noise 18.90 
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TABLE 5-9. PARAMETERS FOR GROUND TERMINAL TO ELLIPTICAL 
(MOLNIYA) ORBIT RECEIVER LINK 


Transmitter antenna diameter 


0.3501 m 

Receiver antenna diameter 


0.2747 m 

Range 


42291 km 

Bit error rate 


10-7 

Data bandwidth /data bit rate 


0.88 

Signai/noise 


18.9 dB 

Data bit rate 


400 Mbps 

CONSTANTS USED IN LDRL LINK BUDGET CALCULATIONS 




Nominal 

TRANSMITTER PARAMETERS 

Modulated laser output power 


1 W 

Beam splitter loss 


5% 

Collimating lens loss 


2% 

Diplexer loss : 


9% 

Beam preexpander loss 


9% 

Image motion compensator loss 


4,9% 

Relay mirrors loss 


4.9% 

Beam expander loss 

.... • . 

■ -U 

9.6% 

Pointing mirror loss 


2.5% 

Pointing error 


0,0 pirad 

Pointing loss 


0.0% 

PATH PARAMETERS 

Atmospheric attenuation loss 


84.15% 

Atmospheric inhomogeneity losses 


0.0% 

RECEIVER PARAMETERS 

Image motion compensator loss 


10% 

Local oscillator diplexer loss 


1% 

Beacon diplexer loss 


3% 

Optics reflectance loss 


9.6% 

Heterodyne detection loss 


34.7% 

Detector quantum efficiency 


60% 

Detector gain 


1 

Detector load resistance 


50 

Detector dark current 


1 00000 piA 

Postamplifier noise temperature 


350° K 

Local oscillator power 


0,002 W 

Background radiance 


0.P91 W/m^-pim-ster 

Detector field of view 


53,25|i.rad 
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FIGURE 5-18. MOLNIYA ORBIT TOTAL ANGULAR 
RATE ENVELOPE VERSUS TIME (THIS REPRESENTS 
MAXIMUM AND MINIMUM RATE FOR ANY 
COMBINATION OF GROUND STATION LATITUDE 
AND LONGITUDE.) 
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TIME FROM PERIGEE, HOURS 

FIGURE 5-19. MOLNIYA ORBIT POINT-AHEAD ANGLE 
ENVELOPE VERSUS TIME (THIS FH'EPRESENTS 
MAXIMUM AND MINIMUM POINT-AHEAD ANGLES 
UNDER ANY COMBINATION OF GROUND STATION 
LATITUDE AND LONGITUDE.) 
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FIGURE 5-20. MOLNIYA ORBIT DOPPLER FREQUENCY 
VERSUS TIME AS FUNCTION OF GROUND STATION 
LATITUDE - GROUND STATION LONGITUDE = 0® 
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TOTAL ANGULAR RATE, DEGREES/MINUTE 




FIGURE 5-21. MOLNIYA ORBIT TOTAL ANGULAR RATE ENVELOPE VERSUS TIME 
(THIS ENVELOPE REPRESENTS MAXIMUM AND MINIMUM ANGULAR RATES FOR 
ANY GROUND STATION LATITUDE AT SPECIFIED GROUND STATION LONGITUDE,) 
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TOTAL ANGULAR RATE, DEGREES/MINUTE 




c) GROUND STATION LONGITUDE -45® d) GROUND STATION LONGITUDE - 67.5® 

FIGURE 5-21 (CONTINUED). MOLNIYA ORBIT TOTAL ANGULAR RATE ENVELOPE VERSUS TIME 
(THIS ENVELOPE REPRESENTS MAXIMUM AND MINIMUM ANGULAR RATES FOR ANY GROUND 
STATION LATITUDE AT SPECIFIED GROUND STATION LONGITUDE.) 
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a) GROUND STATION LONGITUDE =90® 

FIGURE 5-21 (CONTINUED). MOLNIYA ORBIT TOTAL 
ANGULAR RATE ENVELOPE VERSUS TIME (THIS ENVELOPE 
REPRESENTS MAXIMUM AND MINIMUM ANGULAR 
RATES FOR ANY GROUND STATION LATITUDE AT 
SPECIFIED GROUND STATION LONGITUDE') 
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5.2 SYSTEM DESCRIPTION 

5.2.1 Shvittle Tei’minal 

5. 2. 1. 1 Operational Characteristics 

The Shuttle transmitter must acquire, track, and transmit to either 
the Molmya orbit receiver or the ground receiver. Figure 5-22 illustrates 
a typichl LDRL-10. 6 transmitter installation in the Shuttle space laboratory. 

The specified 400 Mbps data bit rate and 10"^ probability of bit error 
(with a 6 dB design margin) is maintained for both links. A maximum doppler 
tracking range of ±942 MHz is required for the Shuttle to Molniya link. 

The maximum acquisition and tracking LOS angular rates of 0. 24 deg/sec 
and 0. 80 deg/sec, respectively, occur for the (500 km orbit) Shuttle-to- 
ground link as does the maximum point-ahead angle of 48 prad. 

The acquisition sequence for the Shuttle -to -Molniya satellite link is 
depicted in Figure 5-23. Upon ground command, the Molniya satellite initi- 
ates acquisition by illuminating the Shuttle terminal with a 4 watt COg 
beacon having a 0. 13° beamwidth. The Shuttle transmitter scans through 
a solid acquisition (uncertainty) angle of ±0. 5° with an instantaneous FOV 
of 56 prad until it detects the relay satellite in an average time of 5,4 sec- 
onds and with a probability 0, 99. The Shuttle transmitter acquisition angle 
of ±0. 5 is based on the stability and initial pointing capability of the Shuttle, 

In the next step of the acquisition procedure, the transmitter of the Shuttle 
is turned on and the Molniya satellite acquires it in an average time of 



FIGURE 5-22. LDRL-10.6 INSTALLATION IN SHUTTLE SPACE LABORATORY 
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1. 08 seconds by scanning through an acquisition angle of ±0. 1° with its instan 
taneous FOV of 37 |j.rad. Acquisition of both terminals is sensed and the 
active point-ahead tracking is initiated. Point-ahead tracking confirmation 
by both terminals completes the acquisition sequence, and the tracking and 
communication phase then begins on command. These values are listed in 
Table 5-10. 

Operation of the Shuttle terminal utilizes astronaut payload specialist 
capabilities to maximize reliability and economy. Figure 5-22 illustrates 
the shuttle installation. The lifetime of the Shuttle transmitter terminal is 
defined to be a maximum of 30 days. 


• MOLNIYA ILLUMINATES SHUTTLE TERMINAL g 


• SHUTTLE TERMINAL SEARCHES 



SHUTTLE 


• SHUTTLE DETECTS MOLNIYA 



• MOLNIYA TERMINAL SEARCHES, DETECTS, 
and TRACKS shuttle TERMINAL 

• "POINT-AHEAD" ANGLE TRACKING ACTIVATED 

• TRACKING AND COMMUNICATION PHASE 
START 



FIGURE 5-23. LINK ACQUISITION PROCEDURE 
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5. 2. 1, 2 LDRIj-IO. 6 Functional Block Diagrarn 


The functional block diagram for the LDRL-10, 6 is divided into three 
major blocks as indicated in Figure 5-24, The first block, the optical 
mechanical portion of the terminal, is the structural portion of the terminal 
that contains the large optics and contains the portions of the terminal that 
move in order to achieve the required pointing and tracking. 


TABLE 5-10. ACQUISITION PARAMETERS 


Parameter 

Shuttle 

Transmitter 

Molniya Orbit 
Satellite Receiver 

Aperture, cm 

18.0 

29.57 

Obscuration (diameter) 

0.417 

0.200 

Instantaneous FOV, prad 

55.94 

36,92 

Communication transmitter power, W 

1.0 


NEP,W-Hz 

5.35 X 10*20 

5.35x10*20 

Beacon power, W 

— 

4.0 

Beacon beamwidth, deg 



0,13 

Acquisition uncertainty angle, deg 

±0.5 

±0,1 

Probability of acquisition* 

0.99 

0.99 

Mean acquisition time, sec 

5.41 

1 .08 


*False alarm probability lO"^. 



FIGURE 5-24. SHUTTLE TERMINAL FUNCTIONAL BLOCK DIAGRAM 
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FIGURE 5-25. SHUTTLE LASER TRANSMITTER TERMINAL BLOCK DIAGRAM 
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The second portion of the terminal contains the transmitter and local 
oscillator lasers. The transmitting laser will carry the 400 Mbps high data 
rate. Laser stabilization and control using Stark cell frequency control with 
the laser power supplies complete the laser subsystem. 

The signal processing subsystem includes receive and transmitting 
electronics and includes the electronics that make up various servocontrol 
loops for both angle and frequency tracking. 

5, 2.1.3 Schematic Block Diagram 

Figure 5-25 is the schematic block diagram of the Shuttle terminal. 
This diagram indicates the implementations the major functions given in 
Figure 5-24. Several implementations will be mentioned briefly here. For 
details, see Section 5.4. 

The coarse optical pointing and tracking is accomplished using the 
first optical flat of the optical chain. Inner gimbal axis rotation rotates this 
mirror through 360° . The outer gimbal motion rotates this same mirror 
through the second axis to achieve near 2 tt ster coverage. The energy is 
directed through an afocal Gregorian telescope through the fine pointing assem 
bly to the transmitter /receiver diplexing. 

Transmitter/receiver diplexing is achieved through orthogonal polar- 
ization with the Orthogonal linear polarization present at the receive detector 
and at the transmitter laser and with orthogonal circular polarization from 
the quarter-wave plate to the output aperture. Separation is achieved by a 
polarizer such as a wire grid polarizer at a point where the polarizations are 
orthogonal linear. (Note: In addition to the isolation achieved by polarization 
diversity, about 30 dB; different transmitter and receiver laser frequencies 
are used to provide further isolation: ) 

Stark cell frequency stabilization is used for both the transmitter and 
local oscillator lasers. Such control circuits not only provide excellent 
frequency stability but also accommodate the doppler tuning control signals 
very well. 

Foint-ahead optics will eventually be placed in series with the trans- 
mitter beam. This allows the transmitter beam to have a boresight that is 
different frorn the received signal while allowing both the transmitter and 
receive energy to be directed by the main Optics. 

Some form of active cooling of the detector will be used in the Space 
Shuttle terminal. This could for instance be in the form of a Joule- Thompson 
cryostat. 

IF frequency tracking will be used for doppler tracking in conjunction 
with local oscillator frequency stepping. The main function of the received 
signal is to generate angle tracking signals for the coarse, fine, and point- 
ahead angle controls. The preferred point- ahead control for the Shuttle is 
an open loop control generated from the Shuttle ephemeris data. 


The high data rate modulation is amplified to approximately 100 volts 
in order to drive the modulator. Thus the modulator drive electronics are a 
significant task. 

5. 2. 1.4 Conceptual Design 

Although the Shuttle terminal design was largely dictated by its trans- 
mitter function, the transmitter and beacon receiver share common optics so 
as to reduce package weight and volume. System parameters considered in 
the Shuttle terminal design included: 

1) FOV, primary mirror diameter, primary and secondary mirror 
f -numbers, magnification ratios, and obscuration loss 

2) Optimal laser beamwidth for maximum far-field gain 

3) Power losses due to vignetting 

A discussion of the design rationale follows including a comparison 
of alternative design options and their relative advantages. 

Optical Design Consider ations 

The size and shape of the primary aperture determine the maximum 
antenna gain or on-axis peak intensity achievable for a given optical commu- 
nication system. Because of this, large aperture optics are theoretically 
attractive for their high antenna gain values. However, practicaT considera- 
tions persuade one to utilize only as large an aperture as is necessary. In 
addition, smaller aperture optical communication systems lend themselves 
to simpler and more reliable point and track instrumentation as well as being 
less sensitive to vibration and distortions due to temperature gradients. 

Most importantly, the size of the aperture of the optical system must be 
compatible with achieving a system whose weight and cost are minimized, 

A very important design consideration which determines how much 
energy is transferred through the optical train is the obscuration ratio. It 
is defined to be the fraction of area of the entrance pupil that is blocked by 
the image of the central hole in the small folding mirror. This obscuration 
has a marked effect on the transmitted energy output because the Gaussian 
beam profile of a CO 2 laser has its highest energy concentration in the cen- 
ter of the beam. The centrarobscuration of the Gregorian telescope is 
essentially determined by the inside aperture of the small folding mirror. 

The size of this aperture is in turn determined by the telescope acquisition 
FOV (±0. 5®); this situation occur s because the inside aperture must be 
sufficiently large so that no part of the image field of the incoming beacon 
beam is obscured during acquisition. The size of the image field, q • at the 
focal plane of the primary mirrof is given by 


0 - f • e 
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where f is the focal length of the primary mirror. For the LDRL.-10. 6 laser 
transmitter, 0 =17. 45 mr (1“). Thus, for a given 0. and primary mirror 
diameter, D, the central obscuration can be minimized only if f is minimized. 

This implies that the f-number (=f/D) of the primary must be small if the 
power loss resulting from central obscuration is to be minimized. Based on 
practical experience, the f-number of the primary should not fall much below 
f/1. 5, or the misalignment tolerances will become extremely small. Here 
the advantage of having a fast primary could easily be canceled by the perfor- 
mance degradation resulting from residual misalignments. 

The actual obscuration is slightly larger than the calculated value to 
allow for manufacturing tolerances in centering and aligning the optical sys- 
tem. For the LDRL-10. 6 design, 1 mm of decentration tolerance was 
allowed in calculating the obscuration ratios. 

Another consideration is the configuration of the beam expander optics. 

This configuration can be either refractive, reflective, or catadioptric, in 
any of the possible combinations or modifications of classical telescope 
designs (i. e. , Cassegrainian, Schmidt, Gallilean, etc.). The function of 
the telescope beam expander is to expand the signal beam from a laser source 
to a size compatible with an aperture based on tlae antenna gain requirements 
of the system. Beam expanders usually consist of all-reflective elements due 
to the possible use of widely different wavelengths for the transmitter and 
receiver chaimels. Also there are greater lightening possibilities with all- 
reflective designs. 

Optical Features 

The following general design features were considered in the 
LDRL-10. 6 space communication system: 

■ . . i 

1) The transmitter must be designed to be diffraction limited and | 

is always pointed at the receiver with an angular pointing error f 

which is small in comparison to the diffraction beam spread. | 

i. 

2) The alignment error between the transmitter and receiver must | 

be small compared to the diffraction angle of the transmitter | 

antenna. This requirement usually leads to the practice of 1 

having the transmitter and receiver share the same antenna. ; 

3) A deliberate offset or point-ahead angle must be added to the | 

boresight adjustment between the transmitter and receiver. j 

The following paragraphs discuss these and other features that are incor- I 

porated into the design. 

Beam Expander Optics. The beam expander is an afocal telescope 
that transforms a small diameter, 'collimated las dr beam into a beam of 
larger diameter with less divergence. Beam expander optics are considered 
to be common to both the transmitter and the beacon receiver. The size of 
the beam expander output aperture determines the maximum achievable 
antenna gain for both Hie beacon receiver and transmitter. The FOV of the 
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beam expander will be determined primarily by the IMC and acquisition 
requirements. These FOV requirements in combination with thermal and 
mechanical constraints determine the f-number of the components of the 
beam expander. Another restriction on the beam expander design is that 
it provides a pupil location that is accessible to the IMC function. 

Image Motion Compensation. Success of a laser communication 
system necessitates that the aimpoint of the narrow beamwidths of these 
systems be maintained with great stability. The output pointing direction 
must be isolated from the angular motions of the Shuttle platform to a small 
fraction of the transmitter beamwidth. To achieve the necessary mirror 
response bandwidths with a minimum of power, it is desired that the optical 
element of the IMC that performs this task have as low an inertia as possible. 
The preferred location for this function is at (or very close to) the telescope 
stop position where the diameter of the optical aperture is smallest. The 
pointing angle range of the IMC device must be wide enough to accommodate 
the largest residual angular motions permitted by the gimbal pointing or 
Shuttle stabilization requirements. Initial acquisition between the Shuttle 
and receiver station can also utilize the IMC components to provide a search/ 
scan fvmction. 

Initiation of Acquisition Sequence. The acquisition sequence of the 
transmitter receiver linkup can be iniitiated by injecting a suitably small 
diameter laser beam into the transmitter optics. The corresponding output 
beam serves as a transmitter beacon, and the initial acquisition sequence 
then consists of the receiver searching for this beacon beam. Now, if the 
axis of this beam is accurately aligned parallel to the output axis of the trans- 
mitter, and if the angular diffraction spread of this beam is matched to the 
desired FOV for the initial acquisition, a beacon lock-on by the receiver 
establishes the relative angular position between the receiver and the trans- 
mitter to within the acquisition tolerance. 

Point- Ahead Optics. Due to the relative orbital velocity of the Shuttle 
and the receiver station and the finite velocity of light, the pointing direction 
of the receiver beacon does not automatically provide the exact indication of 
the location of the receiver. Therefore, it is not appropriate to direct the 
transmitter's output beam in the apparent direction of the beacon but rather 
aim it toward the receiving station location at the time the light travels that 
distance. Thus, a point-ahead correction must be introduced between the 
pointing direction of the receiver and transmitter. For the DDB.L-10. 6 
system the point- ahead correction will be achieved using a second set of 
IMC s that are in the receiving optical path only. Control signals will be 
received from the Space Shuttle to open loop direct the receive beam rela- 
tive to the transmit beam. 

Energy Redistribution Technique. The Gaussian profile TEMqq basic 
laser mode has its highest energy concentration in the center of the beam. 

Yet this central portion of the beam is lost in an aperture beam expander. 
Several methods have been devised for reconstituting the intensity profile of 
laser beams to reduce loss due to central obscurations. 


5-32 



f One technique is to suitably expand the beam to overfill the anerture 
Svop of the telescope,, By broadening the beam profile, the high ene rev 
cemral region will be spread more, and consequently a given obscuration 
ratio will cut off a smaller portion of the laser\nerg^y. T^e increasf i'^ 

achieved by truncating the lower power, l/e^, regions 
of the beam profile and passing more of the high power regions Thif 
echnique was optimized and utilized in the LDRL-lO. 6 transmitter design. 

^ser Beam Parameters. The laser output beam is a diffraction 
lirmted truncated Gaussian beam from a 1 . 5 mm square laser bore Outmit 
from the laseT is taken as the specular component from the diffraction ^ 
grating usea for P-line selection. The Littrow angle of the grating is 52 5°- 
thute the specular output beam from the laser will Lit at 105° measuLd ’ ' 

grating will be located 0. 75 inch^from 
located at the%rating aeeumed that the Gauesian beam waist is 

guide is^: 

Uomr®aSra/wr=”':55” ^ «'aveguide, w„ = 0.48 mm, and the trunca- 

Using these values and some unpublished data derived for the nron,v= 
va^e^’s^IrresamaLt'”""*^'' following beam divergLfe 

3 dB beamwidth = 0. 009 rad ( 0 . 53°) 

2w beamwidth (1 /e^) = 0. 001 59 rad (0. 91 ° ) 

Truncation diameter beamwidth = 0,0255 rad ( 1 , 46 °) 

To form a 1° 3 dB beamwidth beacon a demagnification of tlno 
waxst of 0. 53 is required. This means that the la^erblam waist WaHon 

^“ica^^trlta The lo“cS^^‘'‘ f th through the entire 

optical tram. The location of the magnified image is immaterial- it mav 

e relayed several times to keep the limit ray within specified bo'unds. ^ 

The truncation beamwidth of 1 46° maar a- , 

clear apertures along the beam path. ’ (This angle is s b° 

iShed. this ^ 

An approximation to the range w'here a laser remains ''ronimafi^rni 
nondtvergent) may be established by dividing the bLm waUt diame^r 

(O Wo) by the angular diyergence, yielding a value of about 6 cm This ranoe 
IS a good location to avoid}- as the source is in fKsn r i.* range 

toToc‘r‘®l ‘° ^ ** brphysicX®'d?facX 

to locate optica^L elements much closer than 6 cm to the bLL wais^ it is ^ 
better to extend the optical path and treat the source as a pointjour’ce. 
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Thig requires the beam expander telescope to operate with a finite conjugate. 
To allow some latitude in the optical p th length from the source to the beam 
expander, a single lens was placed a fixed distance from the laser to create 
a second beam waist which now becomes the source. As the diameter of 
this source is larger, the beam is now collimated for a significantly longer 
range; thus the remainder of the beam expander optics will operate in the 
afocal mode. 

Optical Back-End Diagram ., A schematic layout of the optical system 
is shown in Figure 5-26. The transmitter laser is located directly above the 
local oscillator laser, with the nutator and detector located in the plane of 
the local oscillator. 

The transmitter beam is reflected by a partially transparent beam- 
splitter. The transmitted portion of the beam is used for stabilization and 
power monitoring. The reflected beam (refer to side view) is recollimated 
by a lens located about 11 inches from the beam waist; thus the Gaussian 



FIGURE 5-26. CONCEPTUAL SHUTTLE TERMINAL BASE COMPARTMENT CONTENT AND 
ARRANGEMENT 
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diameter (Z w) at this point is 0. 7 inch (4. 4 mm). This is sixfficiently large 
to propagate to the beam expander primary without significant divergence. 
From Klein and Degnan, the best filling factor for an obscuration of 0.4Z is 
a/w = 0. 955; thus, assuming a beam expander output diameter is 1 inch, the 
required beam expander magnification is 6. 03, or~6. The drawing assumes a 
primarv f-number of 4. Z; the maximum allowable for this configuration is 
f/5, 17 assuming a 0. 42 obscuration ratio. Slower optics are possible but 
increased length would be required. 

The beacon path is shown with a 5. 8 inch lens. This lens produces 
a beam waist of 0. 51 mm which, since the beam is still diffraction- limited, 
propagates with a 3 dB beamwidth of 1 ° . 

The received beam is separated from the common transmit/receive 
path at the wire grid polarizer. This beam is passed through the point- 
ahead mirrors and is reflected by the nutator, which is assumed to be a two- 
axis device. If two single-axis devices must be used, this portion of the 
path must be modified. The beam continues to the mixing mirror, where 
the local oscillator is injected through the central obscuration. A lens 
focuses an f/8 beam onto the detector. 

The local oscillator path duplicates the transmitter configuration, 
but is displaced both vertically and horizontally. After collimation, the 
beam has a Gaussian diameter of 0. 12 inch (3. 0 mm). Wire grid polarizers 
are used for power and polarization control. 

An important element not included in previous designs is a provision 
for visual sighting. This is provided in the present design by incorporating 
a removable mirror at the location shown. This mirror will couple an 
afocal sighting scope into the reflective portion of the optical train. The 
small hole in the first folding mirror of the beam expander will act as a 
field stop and beam locating aperture. This feature is essential for ground- 
based communication testing. 

5. 2.1. 5 Payload Weight Chargeable Items 

Table 5-11 lists weights of components in the Shuttle laser communi- 
cation terminal. This table was based on individual hardware weights that 
were scaled to the LDRL-10. 6 design. The table is a computer output which 
was u.‘ied in the selection process for the terminal aperture and transmitted 
power. The table includes a 10 pound margin. 

6.2. 1. 6 Systems Parametric Summary 

The major LDRLi- 10. 6 terminal parameters are given in Table 5-12. 
These parameters define the overall performance, aperture and power, 
optical losses, and overall weight and power. 


^■'B. Ivl. Klein and J. j. Degnan, Appl. Opt. , Vol. 13, No. 9, September 1974 
pp 2134-2141. 
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TABLE 5-11. SHUTTLE TERMINAL WEIGHT 

BREAKDOWN 

Structure 

Optical telescope with mountings 

Weight, lb 

24.37 

8.15 

Gimbals, motors, and steering mirror 

9.72 

Servo electronics 

4.42 

Laser, modulator, and modulator driver ( 1 ) 

25.00 

Servo power conditioning 

7.33 

Other power conditioning 

12.50 

Diplexer and miscellaneous optics ' 

3.06 

Laser stabilization electronics 

0.40 

Beacon detector and power supply (1) 

0.58 

Beacon receiver optics and electronics 

0.66 

Image motion compensation subsystem 

2,62 

Cables and connectors 

1.71 

Miscellaneous 

Total Weight 

10.05 
1 10.57 


TABLE 5-12. SHUTTLE TERMINAL PARAMETERS SUMMARY 

1 ; 

Antenna diameter 

0.18 m 

Transmitter output power 

1 W 

Transmitter efficiency 

1% 

Beam ^Splitter loss 

5% 

Collimating lens loss 

2% 

Diplexer loss 

9% 

Beam preexpander loss 

9,6% 

Image motion compensator loss 

4,9% 

Relay mirrors loss 

4,9% 

Beam expander loss 

9.6% 

Pointing mirror loss 

2.5% 

Pointing error 

0,0 firad 

Pointing loss 

0.0% 

Terminal weight 

110.6 1b 

Terminal power 

195 W 

__ 


5-36 



5-2.2 Elliptical Orbit Satellite Terminal 
5. 2, 2. 1 Operational Characteristics 

- receiver terminal consists of a 28 5 cm 

aperture optomechanxcai subsystem, the receiver front-end (detector and 
wideband preamplifier), the receiver back-end (IF stage, doppler tracking 
and data demodulation electronics), and the detector rldiation cooler The 

grated into a complete receiver package’ meeting th^LDSi-^ 0 ^ 

^nt of a 400 Mbps data rate with a bit error probability of 10-6 (TaMe^s" 13) 

^^ec^^'r ITmbrFO^ transmitter wkin the 20= by 20~ 

ti™:sfim^^^^^ permissible target rate during Lquisi- 

5. 2. 2.2 Functional Block Diagram 

The deployed elliptical orbit receiver terminal 9 q c 

apertare optomechanical subsystem, the receiye“ront-enS S 

Wideband preamplifier), the receiver bark mrl /ttt (detector and 

and data demodulation 'electtonlcr anrtheleti'^^^^^^ 

tuh the developmental ex;lH;nc?" 

witn me exis^ting 16 5 cm experimental prototype built by Hughes Aire raff 

th" frontends were built £y AirborL mstrumentr 

Laboratory, the cooler was developed by A. D. Little Company. These 


TABLE 5-13. LDRL-10.6 COMMUNICATIONS 
PERFORMANCE requirements 

Data bit rate, R(j 
Bit error rate, Pg 

Required bit energy/noise spectral density, Eb/NQ 
Optimal output bandwidth/data rate, B /Ru 

' o' ’b 

Required IF bandwidth, B|p = 2 Bq = 1.76 R|j 
Required IF signal to noise ratio 

E. R. 
o IF 

Specified margin 

Total IF signal-to-noise ratio, (SNR)|p 


400 Mbps 
10’6 
12.3 dB 
0.88 

704 MHz 
9.9 dB 


6.00 dB 
15,9 dB 
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components are to be integrated by Hughes into a complete receiver package 
meeting the LDRL-10 6 requirement o£ a 400 Mbps data rate with a bit error 

fee 2^- r ‘he transmitter within 

the 20 by 20 receiver gimbal FOV with a peak tracking error such thafthe 
required communication performance is maintained. The maximum per- 
missible target rate during acquisition is assumed to be Q. 03 deg/sec. 

Figure 5-27 is a block diagram of the receiver terminal. 

5. 2. 2.3 Conceptual Design 

•n 4 . design of the elliptical orbit receiver terminal is 

illustrated in Figure 5-27. ' ■<. xo-x as 

f +Tn incoming laser beam is received by an optical system consisting 

of the gimba.ca mirror, the all- reflecting Gregorian telescope, the image 
motion compensation (IMC) mirror, and an optical detector. The gimbal 
mirror rotates about two orthogonal axes so as to receive the laser beam 
througl^ut a ±10° cone relative to the telescope. This mirror, which is 
riven by a stepper motor, compensates for slow angular movements of 
e incoming laser beam, as caused by either base motions (e. g. , satellite 
angular motion) or by transmitter linear motion. Fast angular jitter of the 
mcoming beam and fine pointing are accomplished by the IMC mirror driven 
by a piezoelectric actuator. x uxxven 

r 11 the incoming beam are recovered as 

follows. The optical signal is mixed with a local oscillator operating at 
the same frequency to produce a video signal, the modulation. Following 
the signal detection are automatic gain control (AGC) circuits and beam 
presence logic. 

video signal also contains an amplitude modulation caused by 
signal upon the optical detector by means 
of the IMC s. This amplitude modulation contains the servo error 

information, which is recovered in a synchronous demodulator. After 

suitable shaping, the error signal is applied to the IMC drive loop in such a 
phase and magnitude to reduce the detected error. 

^ The IMC drive loop consists of a piezoelectric actuator, a high volt - 
ampli^fier , a strain gauge pickoff and associated instrumentation 
amplifier, and the necessary shaping network to give the desired servo 
response. The stepper motor driving the gimbal is actuated by a threshold 
circuit operating on the strain gauge signal, which energizes the stepper 
when the IMo angle exceeds a preset high threshold and in turn turns the 
stepper off when the IMC position is forced back below a low threshold The 
stepper motor can also be energized manually to drive the gimbals to any 

desired position within their range. ° ^ 

The position of the gimbal is measured by two means; a digital 

counterdhat displays the acGumula^ stepper motor pulses and an ivcalo-j 
meter that displays the voltage of a gimbal driven potentiometer. The 
digital counter is initialized by a discrete signal from a gimbal-actuated 


TABLE 5-14. MOLNIYA RECEIVER TERMINAL WEIGHT 


TABLE 6-15. MOLNIYA RECEIVER 
TERMINAL POWER 


photosensor, which senses when the gimbal crosses through zero. The 
pulse counter also supplies an electrical stop to prevent the gimbal from 
exceeding its range. 

The search/track switches choose between the search raster scan 
and closed loop track modes. These switches are actuated by a discrete 
signal from the beacon presence logic. In the search mode the IMC loop 
is driven by the raster scan generator. Upon acquisition of the beacon 
presence, the raster scan is stopped (but not disconnected), and the combined 
error (which initially is zero) and conical scan signal are added to the existing 
raster scan generator. This approach avoids the necessity of storing the 
acquisition beam position for used in initializing the track loop, 

5, 2. 2.4 Dedicated Satellite Additions 

The principal impacts of the LDRU-IO. 6 Experiment on the Molniya 
orbit satellite are the receiver terminal weight and power requirements, 
and the associated telemetry and command requirements. The receiver 
terminal weight and power breakdowns are indicated in Tables 5 ->14 and 
5-15, respectively. The telemetry and command requirements are dis- 
cussed in Section 5. 4.2. 5 . 

The LDRL-10, 6 Experiment option of relaying the LDRL transmitted 
400 Mbps uplink data to ground would require commensurate RE downlink 
telemetry capability. This capability, however, is assumed to be extant 
(if the option is to be exercised) rather than an addition dedicated to the 
LDRL-10. 6 Experiment. 
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Power, W 

Local oscillator input 

13.00 

Receiver electronics 

20.80 

Pointing subsystem 

10.31 

Beacon transmitter 

100.00 

Total power 

144.11 



Weight, lb 

Structure 

25.56 

Optical telescope with mountings 

16.71 

Gimbals, motors, and steering mirror 

11.88 

Servo electronics 

4.16 

Receiver and signal processing electronics (1) 

19.42 

Servo power conditioning 

8.33 

Other power conditioning 

12.00 

Beacon laser (1) 

3.00 

Local oscillator laser (1) 

2.00 

Detector and detector cooler 

3.50 

Beam expander and defocus mechanism 

8.70 

Image motion compensation subsystem 

4.51 

Cables and connectors 

2.58 

Miscellaneous 

12.23 

Total terminal weight 

134.58 







table 5-16. SYSTEM PARAMETERS Wmary 


Receiver type 
Aperture diameter 
Beacon power 

Beacon transmitter efficiency 
Optical losses 

Image motion compensator loss 
Local oscillator diplexer loss 
Beacon diplexer loss 
Optics reflectance losses 
Heterodyne detection loss 

Detector quantum efficiency 

Detector gain 
Detector load resistance 
Detector dark current 
Postamplifjer noise temperature 
Local oscillator power 
Background radiance 
Detector FO V 
Bit error rate 

Data bandwidth/data bit rate 
Terminal power 
Terminal weight 


Hetrodyne 
0.285 m 
4W 
4% 

10 % 

r% 

3% 

9.6% 

34.7% 

60% 

1 

5on 
1000 jJiA 
350°K 
0.002 W 

0,001 W/m^-fim-ster 
53.25 firad 
10® 

0.88 
144 W 
1341b 


System Pa rameters Summary 
given in Table^5?l Molniya orbit receiver terminal are 

5. 2. 3 Ground Station fo r Elliptical Orbit Test 

oi*bit satellite wifb tVio r ^ . 

prevaous section will be put into orbit prior to described in the 

elliptical orbit terminal will also be L JIT ^ Shuttle. The 

by using a ground station transmitter, ^ ^ Space Shuttle launch 

.Ignific^LsTdS 

and data handling characteristics, but will aTTo'^^^’ ^^^Idisition, tracking 
relative to atmospheric propagation S <iata 

model of the^ J^ORL-lO/bTr^T^mtite^^ of two main parts, a 

LDRL- 10. 6 transmitter used need not ha °Pffoal facility. 

but the optic. necessa.^^:r:tu;^tI: L^ 
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The groixnd terminal which is currently available is the Goddard 
Optical Research Facility (GORF) shown in functional block diagram form 
in Figure 5-28. This figure indicates the peripheral equipment, the main 
48 inch telescope and the L.DRL-10. 6 transmitting terminal. A summary of 
the characteristics of GORF is given in Table 5-17. 

The precision tracking GORF telescope has a fixed focus that 
facilitates experimentation by permitting all equipment to be mounted on 
tables in the base of the dome. This is illustrated schematically in 
Figure 5-29. 

For the purpose of testing the 400 Mbps elliptical orbit receiver, 
the LDRL-10. 6 transmitter engineering model is to be mated with the GORF 
ground station telescope. The transmitter output may then be relayed to 
the telescope secondary by appropriate transfer optics (to be designed). 

It is desirable to stop down the ground telescope to as small an effective 
aperture as possible in order to reduce atmospheric turbulence degradation 
and broaden the transmitter beamwidth (thereby relaxing the transmitter 
pointing requirement). Using the 1 watt LDRL transmitter output, the 
minimum ground aperture requirement for 30° LOS elevation and corres- 
ponding maximum range (42,291 km) is 35 cm. 

A summary of the ground station parameters is given in Table 5-18. 


TABLE 5-17. GODDARD 48 INCH TELESCOPE CHARACTERISTICS 


Telescope type 

Alti-azimuth mount with Cassegrain and Coude' focal 
positions 

Optical system 

48 in, clear aperture Cassegrain with two secondaries 
which provide f/8 focus, and an f/30 Coude focus, 


respectively 

Tracking accuracy 

20 arcsec, in any alti-azimuth position 

Repeatability 

5 arcsec each position 


TABLE 5-18. GROUND STATION SYSTEM 
PARAMETERS SUMMARY 


Transmitter data rate 

400 Mbps 

Transmitter power 

1 W 

Output aperture (maximum) 

48 in. 

Tracking accuracy 


• GORF telescope 

100 |j,rad 

• LDRL-1 01 6 telescope 

5 [JLrad 

Tracking of elliptical orbit ephemeris 

Available 

Transmit wavelength (P-20) 

10.6 Jim 

Receive wavelength (P-18) 

10.6 Jim 
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5. 3 LINK ANALYSIS 


5. 3, 1 Introduction 

The objective of the link analysis task has been to itemize sequentially 
all link signal power gains and losses from the modulated LDRL-10., 6 
transmitter output to the elliptical/ orbit satellite receiver detector output. 
The link analysis is performed by a computer program which has as one of 
its outputs the Design Control Table shown in Table 5-19. This table is 
the LDRL-10. 6 Experiment link power budget for the maximum range 
between a 185 km circular Shuttle orbit to Molniya orbit satellite for a 
400 Mbps link. In general, the link analysis program optimizes the trans- 
mitter and receiver aperture diameters and transmitter power to minimize 
total system weight. In the case of the LDRL-1 0. 6 Experiment however, 
the transmitter aperture diameter (18 cm) was established by cost considera- 
tions (with little additional weight penalty), while the 10. 6 fxm transmitter 
output power is constrained to no more than 1 watt by present CO 2 laser 


TABLE 5-19. LDRL-10.6 EXPERIMENT LINK DESIGN CONTROL TABLE 



Nominal 

Fav, T 0 I, dB 

Adv, Tol., dB 

Transmitter Parameters 

Modulated laser output power (1 W) 

0.00 dBW 

0.000 

0.000 

Beam splitter loss 

-0.22 dB 

0.023 

-0.023 

Collimating lens loss 

-0.09 dB 

0.009 


Diplexer loss 

-0.41 dB 

0.043 

-0.043 

Beam preexpander loss 

-0.44 dB 


■0.092 

Image motion compensator loss 

-0.22 dB 

0.022 

-0.022 

Relay mirrors loss 

-0.22 dB 

0.045 

-0.046 

Beam expander loss 

-0,44 dB 

0.090 

-0.092 

Pointing mirror loss 

-0,11 dB 

0.022 

-0.022 

Obscuration loss (gamma - 0.362) 

-2.85 dB 

0.000 

0.000 

Pointing loss 

0.00 

0.000 

-0.079 

Ideal aperture gain (0.180 m aperture) 

94.54 dB 

0.000 

0.000 

Path Parameters 




Space loss (R = 46720 km) 

-274.87 dB 

0.000 

0.000 

Elliptical Satellite Receiver Parameters 




Ideal aperture gain (0.275 m aperture) 

98.21 dB 

0.000 

0.000 

Obscuration loss (gamma = 0.200) 

-0.1 8 dB 

0.000 

0.000 

Image motion compensator loss 

-0,46 dB 

0.048 

-0.049 

Local oscillator diplexer loss 

-0,04 dB 

0.004 

-0.004 

Beacon diplexer loss 

■0.|3dB 

0.013 

-0.013 

Optics reflectance losses 

-0,44 dB 

0.086 

-0.092 

Heterodyne detection loss 

-1.85dB 

0.225 

-0.237 

Detector noise degradation 

-0.47 dB 

0.084 

-0.208 

Planck's constant 

331.78 d(Wss) 

0.000 

0.000 

Carrier frequency 

-134.52 d8( Hz) 

0.000 

0.000 

. Detector quantum efficiency ‘ 

-2,22 dB 

0.000 

-0.792 

Data bandwidth, (352 MHz) 

-85.47 dB(Hz) 

0.000 

0.000 

Data bandwidth signal/noise 

18.90 dB 

0,805 dB 
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technology. The indicated received signal-to-noise ratio of 18 Q i i-u 4 . 

required to achieve the specified bit error rate of 10-6 ^ith a 6 

In this calculation the required signal- • -r- margin. 

input, as are the transmitter (Shuttle) terminal aperture^ diame^ttrln^ 
transmitter output power. The corresponding requirerrerelltr . 

terminal aperture diameter is than calculated^ receiver (Molniya) 

receiver terminal aperture diameLrwrs dete™^L/ 
o“thr,^rterSr re;,uirement‘'s" 

system r^quiVements^and"^^^^ 

include the’ specified 400 A^^^Tdirb? ra"V an^If bU 

transnStie'r an^receUr 

o-utX::rrrp- ^ wtrn„- 

5- 3- 2 LpRL-10.6 Signal/Noise Calculations 
signal-t„-„oise ratio <3/11^ 



where 

^IF " mtermediate frequency bandwidth 

G = detector gain 

r\ = detector quantum efficiency 
q = electronic charge 
h = Planck' s constant 

= °P<^icaI carrier frequency 
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~ detector load resistance 
“ received optical signal power 
Pg — received background power 
Ig = detector dark current 
k = Boltzmann's constant 
T = postamplifier noise temperature 
PgQ ~ local oscillator power 

ideal case in which the local oscillator power dominates the other 
noise terms m the denominator, this expression reduces to 


(S/N) 


P n 

s ' 


IF. , , 

ideal 


hv B_ 
c IF 


A detector noise degradation factor defined by 


(S/N) 


'N ~ (S/N) 


IF 


IF. ; , 
ideal 


anis°m^* performance due to all noise mech- 

amsms. The (S/N)jj. may then be written in the more compact form 

F 'H -n, 

(S/N) = ^ 

IF Bjp 


representation in decibel form. The received signal 
at the detector is given by'!' “ 


power 


Fg - Ft T1.J. T]g 


Atmospheric losses included for a space to ground link. 
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where 


= modulated laser output power 

= transmitter loss 

G,p = transmitter aperture gain 

T]g = space loss 

G„ = receiver aperture gain 
K. 

11 = receiver loss 

K. 

Substituting this expression gives 


(S/N) 


IF 


Pp i1t H Tij^ 

hv 

c IF 


or 


(S/N)^ = 


Pqn 11 rp TJg Gj^ 

hv^ B 

CO 


since Bjp’ = 2 Bq and (for usably strong signals) (S/N)^ = 2(S/N)jp., 

The LDRL-10. 6 Design Control Table (DCT), Table 5-19, expresses 
this equation in logarithmic (dB) form. The losses are itemized in detail 
with respect to specific system elements. The DCT is a dB summation 
of power, gains, and losses that determine (S/N)jp for a specified link. 
Table 5-19 is a DCT for the most critical LDRL-10. 6 situation: a 400 Mbps 
low earth orbit shuttle to Molniya link (maximum range, 46,720 km). The 
indicated S/N of 18. 9 dB allows for a 6 dB margin with a bit error proba- 
bility, Pg = lO"^, The 0. 18 meter transmitter aperture is specified; the 
receiver aperture diameter and transmitted power are then optimized for 
minimum system weight. Each DCT entry is defined and its evaluation 
discussed in the following paragraphs. 


5-47 


5.3.3 System Parameters 

5. 3. 3. 1 Transmitter Parameters 

Modulated Laser Output Power 

The modulated laser output power is the modulated sideband power 
into the transmitter optical system. Laser power may be specified as a 
computer program input, be determined by other specified inputs, or be 
optimized to achieve a design with minimum system weight. 

Bea m Expander Loss 

The beam expander loss is due to attenuation and reflection losses 
by the two element zinc selenide beam preexpander optics. Attenuation 
for ZnSn is 0,01 percent per cm; reflectance is 0. 999 per surface. There 
are six surfaces since one element is a doublet. The net beam expander 
loss is 0. 986. . 

Diplexer Loss 

The transmitter diplexer (beam splitter) reflects the incoming 
beacon signal to its receiver (during the acquisition phase) while transmitting 
the outgoing communication signal. The diplexer consists of a wire-grid 
polarizer and a quarter-wave plate. The combination has a net loss of 
approximately 0. 91, 

Image Motion Compensator Loss 

The transmitter IMC loss is due to reflectance of 0. 975 at each of 
the two gold electroplated IMC mirror surfaces. The resultant IMC loss is 
(0. 975)2 = 0. 951. 

Optics Reflectance Loss 

The optics reflectance is approximately 0. 975 at each of the six 
gold electroplated reflecting elements! in the transmitter optical system. 
These are as follows; 

1 ) Inner gimbal pointing mirror 

2) Large folding mirror 

3) Primary paraboloid 

4) Secondary paraboloid 


5) Small folding mirror | 

6) Relay mirror 

The net loss due to these six elements is then (0. 975)^ = 0. 859. 

Obscuration and Gaussian Illumination Loss 

The transmitter obscuration and illumination loss accounts for the 
reduced far field axial gain of a Gaussian illuminated and obscured circular 
aperture relative to a uniformly illuminated and unobscured one. The rela- 
tive degradation is given by (Reference 1) 



where 

is the transmitter optics diameter obscuration ratio. Yrj, is a 
function of the aperture diameter, D,p. 

a is the laser beam truncation defined as the ratio of beam width 
(in the obscuration plane) to primary aperture diameter. 

The obscuration loss is calculated by the Link Analysis Program rising the 
Vt (D-p) required for the 1“ acquisition field of view and f/1. 5 transmitter 
optics. The optimum value of a for a Gaussian laser beam intensity distri- 
tribution is used, approximated by 

n = 1. 12 - 1.50 + 2. 12 


Figure 5-30 depicts g.^, in dB, as a function of for a = 

For the 0, 18 meter aperture LDRL-10. 6 system, Y^ = 0. 362 and the 
obscuration loss is 


g.j, = 0. 519 (or -2.85 dB) 
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DIAMETER OBSCURATION RATIO, 7^ 


FIGURE 5-30. AXIAL GAIN OF OPTIMUM GAUSSIAN 
ANTENNA RELATIVE TO FUNCTION OF 

OBSCURATION RATIO 7j 


Pointing Loss 


Pointing loss results from the receiver being displaced from the 
maximum of the transmitter far field gain pattern due to pointing error. 

The nominal pointing loss is zero since it is intended that point-ahead angle 
be corrected entirely. However, even if point-ahead angle information 
were known with absolute accuracy, it is estimated that pointing error would 
be of the order of 5 prad. For the far field gain pattern corresponding to 
the aperture diameter obscuration = 0. 362 (0, 18 meter transmitter 
aperture), this represents a gain loss of 0.975 (0.11 dB) compared to the 
maximum (axial) gciin. 


Ideal Aperture Gain 


The ideal aperture gain is the maximum axial far field gain (relative 
to an isotropic radiator) achievable with a uniformly illuminated, unobscured 
circular aperture 



where X. is the wavelength and D,^ is the transmitter aperture diameter. 
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5. 3. 3. 2 Path Parameters 
Space Loss 
Space loss is given by 


^S 


,4 -rr R 


where X is the wavelength and R is the communication range. 

5. 3. 3. 3 Receiver Parameters 
Ideal Aperture Ga in 

ideal gain for a uniformly illuminated, unobscured circula] 
aperture of diameter D„ is 

R 


TT D 


R 


"R 


Obscuration Loss 

of the receiver aperture affects performance most 
directly by reducing the effective arqa of the receiver aperture. 

In terms of the receiver diameter obscuration ratio y , the receive] 
obscuration loss is the ratio of the obscured to unobscured aperture areas 
given by r « 


’R 


= (1 - V ^) 


Receiver obscuration loss , gj^, in dB, versus y is plotted in Figure 5-31. 
Obscuration of the receiver aperture causes an additional loss by degrading 
the efficiency of the heterodyne detection process. This effect is included 
in the heterodyne detection loss. For the LDRL-10. 6 receiver, V = 0.2 
and the obscuration loss is given by gp_ = 0. 96. . ’ ’ 

Image Motion Compensator Loss 

i. receiver image motion compensator loss is due to a 0. 975 reflec 

tance at each of the two gold electroplated IMC mirrors and the nutation 
loss attendant to generating the IMC error signal. The receiver IMC net 
loss IS approximately 0. 90. 
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DIAMETER OBSCURATION RATIO, y 


FIGURE 5-31. RECEIVER LOSS IN DECIBELS DUE TO 
CENTRAL OBSCURATION 


L ocal Oscillator Diplexer Loss 

The local oscillator diplexer loss is primarily due to imperfect 
reflection since the incoming beam is not transmitted by the diplexer. The 
local oscillator diplexer loss is approximately 0. 99. 

Beacon Diplexer Loss 

Beacon diplexer loss is due to both transmission and reflection of 
the incoming beam. The net beacon diplexer loss is approximately 0. 97. 

Optics Reflectance Losses 

Optics reflectance loss is approximately 0. 975 at each of the four 
gold electroplated reflecting elements in receiver optical system. These 
are as follows: 

1) Pointing mirror 

2) Primary paraboloid 

3) Secondary paraboloid 

4) Folding mirror 

The loss of the four elements is then (0. 975)\^ = 0. 904. 
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Heterodyne Detection Loss 


The heterodyne detection loss depends on the electric field distribu 
tions of the signal and local oscillator on the detector. For the readily 
implemented case of a uniform local oscillator field distribution, the 
heterodyne detection loss is given by (Reference 2) 



where 

y = receiver optics diameter obscuration ratio 

cr = k R^/2Fg 

k = 2it/ \ • 

= Airy disk size 

Fg = system f number 

r = 

Rj^ = detector radius 

is plotted in Figure 5-32 (Reference 2/ as a fxinction of Rj^/Rjy 
with Y as a parameter. It is evident from Figure 5-32 that tIh is a maxi- 
mum for R] 3 /Ra ~ 0. 75. This optimum detector size minimizes the 
(S/N)xf degradation due to local oscillator generated detector shot noise. 
For the LDRL-10, 6 receiver, y = 0, 2 so that for Rq/Ra “ 0. 75, 
ripj = 0. 653. 

Detector Noise Degradation 


As discussed previously, detector noise degradation "Hn is an 
artifice to compactly account for all detector noise mechanisms 




(S/N)^^ 

(S/N)_ 

ideal 


where (S/N)xFj_deal ^®®^^^® from the dominant local oscillator noise case 
(all other noise sources negligible), is calculated in the Link Analysis 
Program, 



0 0.25 0.50 0i75 1.00 1.25 1,50 


r — 

FIGURE 5-32. HETERODYNE DETECTION LOSS FOR UNIFORM LOCAL 
OSCILLATOR INTENSITY DISTRIBUTION AS FUNCTION OF DIAMETER 
OBSCURATION RATIO 7 AND RATIO OF DETECTOR RADIUS TO AIRY 
SPOT RADIUS 

Planck' s Constant 

Planck' s constant relates plioton energy to photon (carrier) 
frequency: 

• _34 ■ , 

h « 6. 625 X 10 ■ J • sec 


Carrier Frequency 

The carrier frequency corresponding to the 10. 6 pm wavelength 
V a 2. 82823 X 10^^ Hz 

c . .. 
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Bo/Rb 

FIGURE 5-33. A(E(j/N ) VERSUS B /R. FOR BAND LIMIT AND 
SAMPLE DETECTION 


Detector Quantum Efficiency 


efficiency is the detector conversion efficiency between 
light and electrical energy. A quantum efficiency of 0. 50 is readily 
realizable; 0. 60 appears feasible. 


IF Bandwidth 


, , system IF bandwidth (Bjf) requirement is a function of the link 

data rate (Rb). The signaling (low pass) bandwidth (Bq) corresponding to 
Bjp IS Bp = Bip/2. For a given detection method, the detector performance 
degradation from the ideal matched filter case due to thermal noise and 
inter symbol interference depends on the ratio The relationship 

between Bo/Rb and detector performance degradation has been examined for 
a number of detection methods (Reference 3), One readily implemented 
(hence, attractive) detection scheme for binary digital data uses the "band 
limit and sample" detector. For this situation, the detector performance 
degradation may be minimized by the optimal choice of Bo/Rb. The detec- 
tor performance degradation may be characterized by the increase in P 

^ormonstant bit energy/ spectral noise density, Eb/No) or, alternatively, 

by the increase in Eb/No required to maintain a constant Pe. Figure 5-33 
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PROBABILITY OF BIT ERROR 



FIGURE 5-34. Pg VERSUS Ej./N FOR BAND LIMIT AND SAMPLE 
DETECTION 
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d^icts AEb/No (for constant Pe) as a function of Bo/Rb- Note that for the 
LDRLi-10, 6 requirement of Pg = 10 “O^ ^be detector performance degradation 
is minimized for Bg/Rb ~ 0- 88. The corresponding required IF bandwidth 
for the LDRL, 400 x lOo bps data rate is then 


B-„ = 2 B 
IF o 


= 2 x0, 88 X R^ 

= 704 x 10^ Hz 


Intermediate Frequency Bandwidth Signal- to -Noise Ratio 

The required (S/N)jp to detect with specified Pg depends on the 
detection method used. For the chosen band limit and sample scheme, 
required (S/N)if is determined by (Bo/Rb). Figure 5-34 (Reference 3) 
depicts Pg as a function of Eb/NQ with Bo/Rb ^ parameter. For 
Pg = 10"° and the corresponding optimum value of Bg/Rb ~ 0. 88, the 
Eb/No required is approximately 17, 2 (12. 3 dB). The (S/N)if is then 
determined, 



- 9. 75 or 9. 9 dB 


An additional 6 dB margin is included to accommodate design uncer- 
tainties. The resultant (S/N)if = 15. 89 dB (S/N)q = 1 8. 90 dB) has been 
used as a basis for the LDRL system preliminary performance calculations 
summarized in Table 5-19. 

5, 3. 4 Link Establishment Analysis 

The Shuttle initiates the acquisition phase by illuminating the uncer- 
tainty cone (cone angleejf 1°) while simultaneously scanning the same 
uncertainty cone with its narrow beam (®br' ~ ^0 prad) beacon receiver. 

The receiver on the Molniya spacecraft scans its own uncertainly cone 
(cone angle, Bg = 0. 5 ° ) with its narrow beam, 0 r, until it locates the Shuttle 
transmitter. Then the tracking phase is initiated and the beacon is turned on 
illuminating the Shuttle by reciprocity. This beacon has the same beamwidth 
as the receiver (0bt = ©r ~ 42 prad) and coaxial with the commiinication 
receiver. The Shuttle continues scanning with its narrow beam (0br = ©t) 
beacon receiver until it detects theMolniya beacon. At this time thLt racking 
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mode of the Shuttle beacon receiver begins. The transmitter is turned to 
the narrow beam communication mode with the appropriate lead angle 
applied to the receiving optical path, 

6. 3. 4. 1 Acquisition Signal-to-Noise Ratio (Molniya Acquires Shuttle) 

The link performance during acquisition (Reference 5) illustrated in 
Figure 5-35 depends on the illumination cone angle 


(SNR)^ = (SNR)ij, (1, 


where (SNR)if is the signal-to-noise ratio in the IF amplifier in the com- 
munication mode, the shuttle transmitter beamwidth, Gjig the illumination 
cone angle (beamwidth), and the additional loss (gain) of the acquisition 
transfer optics in the transmitter, 

5. 3. 4. 2 Mean Time to Acquire 

The acquisition time (Reference 5) is at most 


m 


B 


( 2 ) 


where Gg is the search cone angle of the receiver on the Molniya satellite, 
Gj. its beamwidth, k/Bg, = t the dwell time per resolution element, B^ the 
acquisition baseband, and k a factor depending on rise time and fi' id scan 
logic. This assumes that the probability of detection when the taiget is 
present somewhere in the uncertainty cone is unity (P^j = 1). average 

time to acquisition under this condition is 


T = — 
^ 2 


m 



(3) 


When the detection probability is P^ <1, the average acquisition 
time is longer because one must provide for the case where the target is 
missed (the probability of this is 1 - P<j). There is also a false alarm 
probability, Q^, of detecting a target when none exists. 
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Let Tji be the time lost due to acquiring a false target. Now the 
average lost time per frame will be 


Tl = 


fey 


( 4 ) 


Consequently, the average time to scan a frame without a target being 
present is 


T = 

\f>T) 


T + = 


'!i.y 


(1 + Qo T ) - Qo T; 


(5) 


Assume now that the target is definitely within the uncertainty cone 
(frame). Then, on the average, it will take 


E[Tj] = -f 


( 6 ) 


to detect the target in the first frame scan. 

The expected time to detect the target in the second scan is 


ECTj] = (P^ - DP^T + (1 - P^) -f = l-TP^a - P^) 


(7) 


where the first term represents the time wasted in the first scan weighted 
by the probability of finding the target in the aecond scan, and the second 
term represents the average time to find the target in the second scan given 
that it was not detected in the fir''t scan. 

th 

Similarly, the expected time to find the target in the m' scan is 

e[tj = (1 - p^r-'p^T + (i ^ 


TP^( 1 - ^ 
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Therefore, the average time to acquisition is 

= T'rPd +4 TPd(l - Pd> + 4TPd<* - I’d>^ + • • ■ ' (9) 


Performing the sum results finally in 



which after substitution of T from Equation 5 yields 



_k 

2B 

a I 



[1 + Q„Tj] . 



( 11 ) 


This is a function of the postdetection (SNR)Va the Molniya receiver 
because the (SNR)Va determines the after a certain probability of false 
alarm, Qq, has been specified. 

Observe that Equation 11 reduces to Equation 3 under the 
conditions 


QA = = 1 

0 \^ a 


( 12 ) 


Equation 11 is plotted in Figure 5-36, as a function of {SNR)y^. 

Equation 11 gives the average time to acquire the Shuttle. The 
shuttle starts its acquisition after being illuminated by the Molniya beacon. 
The average time to acquire the Molniya is 




[1 + Qj Tj] - Qj Tj 



(13) 


ACQUISITION TIME, T_, SECONDS 



FIGURE 5-36. ACQUISITION TIME VERSUS POST DETECTION (SNR)va 
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where is the acquisition bandwidth and Qj and the false alarm rate 
and detection probability associated with the (SNR)Vb at the Shuttle beacon 
receiver. Finally, the total average acquisition time is 

<T> = (14) 


Given that the (SNR)vb at the Shuttle beacon receiver will be very 
large, it is expected that is given by the equivalent to Equation 3 for 
the Shuttle beacon receiver 



It is seen however from Figure 5-36 that the Molniya may require 
excessive time Ta to acquire, depending on the (SNR)-vl which depends (from 
Figure 5-35) on the illumination angle of the Shuttle. An acceptable solu- 
tion is for an (SNR)ya 3 14 dB. This* however, requires an illumination 
angle of less than 0.2° (for a Bg^ = 4 kHz), which may be interpreted as a 
requirement of pointing accuracy ±0. 1 ° of the platform which carries the 
transmitter. The Shuttle has a pointing accuracy of ±0. 5 ° and is unsuitable 
as the platform for the LDRL - 10. 6 transmitter. The instrument pointing 
system (IPS), which will be carried by the Shuttle, may be utilized for this 
purpose, 
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5.4 SUBSYSTEM DESIGN 
5. 4. 1 Shuttle Terminal 

The Shuttle terminal has 18 cm diameter ontircs = 4 nn 
transmitter subsystem and a 1 .^ 4 . ^ . ^ Mbps 

u ana a laser heterodyne beacon receiver Coolina 

for the beacon receiver may be achieved with a radiation cooler for akv 
Viewing Shuttle sorties, or itmav ”+ili^« c mi. ^‘Joier lor sky- 

5 . 4 . 1.1 Las er /Modulator 

tabe, th?moS^ran“1h:m^^^ 

to provide 1 watt of modulated sideband cower ’ Dpsian required 

utilized to achieve a configuration that hL the' greatest ove^llVffic^^^^^^ 

By using known characteristics of the laser tube modnlafr^v ^ 

optimum power split between the modulator driver^anT the'? 

" Tablf5!2““"''' subsystem design performance is g^en 

_ The transmitter laser is similar in design to the local os cillato'/* 

thermal conductivity and low optical waveguide loss . Heat from the dis- 

£/sa*:S5SS?"3— 

Vi- -K rod is a 6 cm long crystal of cadmium telluride 

which also has a cross section 1 5 mm smiarp Tr, vv, ^eiiuride 

the cadmium telluride rod is alsi used as’ a diile^trfc for°fhit??' T’ 
parallel strip transmission line which counles the Rp dr f i 1, 
tor rod. The line has an RF charactLisSc imfeknce 
are designed to match two unbalanced 50 ohm driver inouts The e • 
lent circuit is Shown in Figure 5-38. The tran/^ssi^Una d«4n’ 
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INNER AND 
OUTER QMBAL 



FIGURE 5-37. SHUTTLE LASER TRANSMITTER TERMINAL.BLOCK DIAGRAM 
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TABLE 5-20. TRANSMITTER DESIGN PERFORMANCE 


Parameter 

Design Performance 

Output power 

Carrier plus sideband 

0.95 W 

Carrier 

0.25 W 

Sideband 

0.70 W 

Prime input power (transmitter subsystem) 

145 W 

Laser 


Laser bore material 

BeO 

Laser life 

<5000 (goal) hr 

Input power 

55.5 W 

Transition control 

P20orP14 

Stabilization , 

±0.1 MHz 

Discharge voltage 

3,93 kV 

Cooling 

Conductive 

Modulator 

Required driving voltage 

120 

Half-wave voltage 

P-P 
1325 Vtr 

Modulator bandwidth 

500MHz 

Modulator optical loss 

<1.5% 

Temperature control 

0.05 °C 

Modulator driver 

Modulator driver bit rate 

400 Mbps 

Input power, prime 

90 W 

Output voltage 

120 V„ „ 

Rise time . 

P-P 

1 ns 

Pulse droop 

63/80 %/ns 

Driver efficiency 

>30% 

Transmitter length (laser/modulator) 

15 in. 

Transmitter weight 

3.3 lb 


approach allows broad bandwidth termination of the modulator driver to a 
matched load. Such a matched termination impedance is highly desirable 
from the standpoint of modulator driv^?r design. It should be emphasized 
that the transmission line loss of the rnodulafor is only a few percent, and 
that most of the electrical power is dissipated in the termination, not in 
the modulator itself. This is due to the electrical resistivity and the 
dielectric loss tangent Of the modulator crystal being such that negligible 
power is dissipated in the rod. 

Figure 6-38 indicates the physical layout of the transmission line 
modulator before assembly. Central to this assembly is the GdTe crystal 
which has evaporated film (silver) electrodes on the top and bottom faces 
(the 1 1 0 faces ), These thin film eleetrodes are 0, 019 inch wide on rods 
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BQLl LOAD 


RF INPUT' 1 



BALANCE LINE, Z = lOOil , CdTe 


rp=10 


RF INPUT 2 



son LOAD 


FIGURE 5-38. TRANSMISSION LINE LASER MODULATOR SCHEMATIC 
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BeO MOUNT 
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FIGURE 5-39, EXPLODED VIEW OF STRIPLINE TRANSMISSION LINE MODULATOR ASSEMBLY 





with thickness of 1, 5 mm. This forms a 100 ohm parallel strip 
transmission line. The top electroded surface of the CdTe transmission 
line is contacted by a metalized strip on the under surface of the left BeO 
sleeve. Coaxial to microstrip transition sections are constructed at each 
of the four RF ports, thereby permitting a matched transition from a 
50 ohm unbalanced RF system to a 100 ohm balanced line. 

Improper coupling between the modulator rod and the acoustic load 
could lead to severe acoustical resonance effects. Therefore, acoustical 
loading of the modulator rod is provided by two alumina or beryllia ceramic 
rods, one on either side of the CdT rod as shown in Figure 5-39. The 
acoustic impedance of the selected ceramic very nearly matches that of the 
CdTe rod. With a thin film bonding agent, only 4 percent of the acoustic 
energy is reflected at the interface; the remainder is dissipated in the 
ceramic sections. 

The modulator housing temperature is regulated at approximately 
50® C by a closed loop servo which has demonstrated ± 0. 04® C stability. 
Temperature stabilization is required because of the dependence of the 
CdTe refractive index on temperature; 0.4\ phase shift occurs for each 
1®C of temperature change. 

Tl.e completed modulator assembly is shown in Figure 5-40. It is 
designed for mechanical r'ounting directly to the end of the transmitter 
laser tube. Mechanical corrections of the center position of the modulator 
rod as well as translation and rotation is accomplished by adjusting the 
supporting screws near the ends of the modulator housing. A section draw- 
ing of the complete transmitter laser is shown in Figure 5-41. The basic 
construction of the laser and the modulator provides high stability and 
ruggedness. 
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FIGURE 540. LASER MODULATOR MECHANICAL ASSEMBLY 
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The laser discharge requires 55 watts of prime power with 90 watts 
required for the modulator driver. Under these conditions, a modulated 
sideband power of 0. 7 watt is obtained. A residual, orthogonally polarized 
carrier power of 0. 25 watt is also present in the output. The approximate 
weight of the laser and modulator is 3. 3 pounds. 

5. 4. 1. 2 Modulator Driver 

The required 120 Vp_p modulator driver voltage is achieved through 
the technique shown in Figure 5-42. The details of the amplifier modules 
and hybrid interface are illustrated in Figure 5-43. Outputs from the cur- 
rent mode logic driver modules using selected RF bipolar transistors are 
combined using a custom designed network of hybrid couplers to produce 
42 Vp_p at the outputs of hybrids one through four. These outputs are 
again combined in hybrids five and six, each providing a 60 output 

into a 50 ohm load. When these two 60 Vp_p signals are ISO” ou? of phase, 
•“be full 120 V^^p signal is seen by the modulator rod. When both driving 
signals are of the same amplitude, an imaginary ground plane exists through 
the center of the modulator rod and each input appears as a 50 ohm load to 
the driver. 



FIGURE 5-42. MODULATOR DRIVER BLOCK DIAGRAM 













FIGURE 5-43. DRIVER AMPLIFIER MODULE AND HYBRID INTERFACE 



FIGURE 5-44. 300 Mbps NRZ DATA RESPONSE 
(PHOTO 50151-27) MODULATOR DRIVER 
MODULE 
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The modulator driver was optimized for the modulation of NRZ-L 
type of data. The response of the individual driver modules to a 300 Mbps 
NRZ pseudorandom word is shown in Figure 5-44. The quality of this wave- 
form is such that bit error rate measurements are very close to what may 
be expected from a theoretically perfect waveform. However, because of 
the poor low frequency response of the hybrids, the driver waveform to the 
modulator is distorted and must be corrected or compensated at the receiver. 
The technique for achieving the correction, known as quantized feedback, is 
described in the Bell Telephone Laboratories report. * 

5. 4. 1. 3 Mixer /Cooler and Beacon Receiver 

The photovoltaic mixer and cooler riiquired for the Shuttle terminal 
depends on whether a radiation cooler is feasible for the sortie or whether a 
Joule- Thompson cryostat must be used. For the details of the mixer /cooler 
design, refer to Section 5. 4, 2. A Joule- Thompson cryostat operating 
from bottled nitrogen gas may be used on Shuttle where the weight penalty of 
the bottled gas is not a consideration. Approximately 8 hours of operation 
can be obtained from 1 cubic foot of bottled nitrogen at a pressure of 
200 atmospheres. An engineering model cryostat, together with the detector 
preamplifier and the detector housing lying alongside, is shown in Figure 5-45, 
A flight model cryostat could be considerably smaller. 

The beacon receiver required for the Shuttle will employ the same 
type of doppler tracking circuitry utilized in the synchronous terminal and 
is described in detail in Section 5. 4. 2. 4. However, the beacon signal need 
not carry information, and the phase lock demodulator required on the high 
altitude package is not required on the Shuttle package. 

5.4. 1.4 Local Oscillator Laser and Stark Frequency Controller 

The local oscillator laser and frequency control technique is precisely 
the same as required for the high altitude or synchronous terminal package, 
and is described in detail in Section 5. 4. 2. 3. 

5. 4. 1. 5 Telemetry and Command 

Dedicated LDRL-10. 6 Experiment telemetry and command functions 
for the Shuttle terminal are obviated by the selected man-tended/quasi- 
automated mode of operation (discussed in Section 3). Control commands 
are input and system status is monitored directly via the payload specialist's 
console. In the interest of economy and simplicity, the Experimeht results 
and history are simultaneously recorded in real time for subsequent post- 
flight analysis. The latter decision is predicated on the ready availability 
of adequate onboard Shuttle recording capacity. 


=l«Bell Telephone Laboratories, Transmission Systems for Communications , 
Western Electric Co, , Inc. , Winston-Salem, N. C. , 1970, pp 654-658, 
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FIGURE 5-45. JOULE-THOMPSON CRYOSTAT USING 
NITROGEN GAS FOR COOLING (PHOTO 74-31682) 


5.4. 1.6 Optomechanical and Servo System 


General Arrange ment 

The optomechanical subsystem consists of the several subassemblies 
indicated in Figure 5-46. These are the motor /bearing packages (one per 
axis), the instrument cluster (one per axis), the secondary 1,- tiding mirror 
package, the IMC/field stop package, and the folding mirroi!; for directing 
the beam to the base centerline, and the acquisition beam bv|>>ass. The 
optical components are all aliened as subassemblies and theii the subassem- 
blies are integrated into and aligned in the main package. i 

I 

The materials used are: < 

1) Beryllium for all mirrors (marked P in the fig’ire) and for the 
basic telescope box. 


2) Stainless steel series 400, for the beryllium box base bulkhead, 
the motor /bearing subassemblies, the inner gimbal structure, mirror sub- 
assemblies, and alignment details. This stainless series is chosen for its 
thermal expansion coefficient which is compatible with beryllium. 
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FIGURE 5-46. GENERAL ARRANGEMENT OF GIMBAL AND OPTICS 
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FIGURE 5-47. ACQUISITION AND TRACKING SYSTEM BLOCK DIAGRAM 
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ment moLtitf >lctare and for the instru- 
heat sinking capability, and relative Iw c™ 

System Block Diagram 

Figure 5 *’® system servo loop block diagram is shown in 

maintains the fine loop actuator lithin Its'tunX. actaato^forth^ 

gimbal. MotioS of the IMC Tffects the ‘I 7 ““t®*- 

at the error sensor. components of error as measured 

lation te?^i;rjh:n; us^nr&e 

signals from the sensor are resolved teto tL <-®rminal receiver. Error 
tion to the IMC actuator. ^ the proper components for applica- 

dncer ^°°P consists of the IMC angle trans 

SH5H.r= 

Both the IMC actuator and gimbal control loops are snbi#:>rf 
external control in the manual mode (M) as indicated^ln Figure^S 47 The 
gimbal control will be used during acquisition to point the fhnbals to the 

mfnd" search^pitte?m ^ 

is proviS%'hl°Jequfredfnye°"^^^^ (point-ahead) a special actuator 
fligM from an?nL";l?y^ro^g?aS wh cits commanded during 

through a command link sable from the ground 

Gimbal Servo Requirem ents 

Table htr gimbal servo requirements are given in 

This linktaslt::t:dTstr“vo blLl^te Watsf:het“k‘° 
generally more stringent tlian for the Shuttle to MolSya ortrs^atetiteliL'''''" 
he maximum acquisition target velocity is based on fho => i- i.i ’ 

acquisition will take place before the ground terminal zenith 
60- . The field of view is 80' eaeh side otzenitlT , ® >^«aches 

sector IS the sector from 80° to 60“ zenith in a s'oo km orbit 

IS traversed by the Shuttle in approximately 2 minutes. ' sec or 
maximum gimba^ngl^l anT^M^ 

station on the equator. These represent worsi^a^i 

the acquJs^i^^;:;^:"""'"'^^'^ based on the required pointing rates during 
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TABLE 5-21 . G ITle AL SERVO R EQU I R EM ENTS 

r ^ L — 


i 

Operational Modes 

Acquisition (search and pointing) 
Coarse track 

Target Data 

Maximum target velocity 

0.8 deg/sec 

Acquisition target velocity 

0.25 deg/sec 

Maximum target acceleration 

0.007 deg/sec^ 

Time in field of view 

10 min 

Allowable acquisition time 

2 min 

1 Base Motion 

Short term 

0.01 deg/sec 

Long term 

0.1 deg/hr 

Gimbal Motion 


Roll angle 

±68° 

Roll rate 

0.2 deg/sec 

Pitch angle 

±68° 

Pitch rate 

0.8 deg/sec 

Gimbal Control Requirements 

Bandwidth 

10 Hz 

Coarse track accuracy 

±0.1° 

Pointing accuracy 

±0.02° 


TABLE 5-22. FINE TRACKING AND POINT- 
AHEAD REQUIREMENT SUMMARY 


Fine Track Requirements 

Bandwidth 50 Hz 

Total track error (10 [JL rad)* 

Noise error 5 p.rad 

Dynamic error 5 [j.rad 

Signal-to-noise ratio 20 dB 

Dynamic range* ±0.1° 

Lead Angle Corrector 

Angular deflection 0.124° 

Pickoff linearity 1% 

Aperture size 5 mm 


‘Referred to object space. 
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TABLE 5-23. OPTICAL DESIGN CONSTRAINTS/SPECIFICATIONS 


• Field of view: ±0.5° 

• Maximum IMC dimensions; 2.54 cm X 3.592 cm 

. Maximum quarter-wave plata and wire^grid polariaer dimanaions: =20 mm 

• Ivlinimize optical component cost 

• Coaxial acquisition beam along outer gimbal axis 

• Maximize energy transfer through system 


Fi ne Tracking an d Point- Ahead Requiremenf.c, 


correct: point-ahead angle 

enough to minimize interaction wi& the^gimbal chosen lar; 

bilize the image to ±5 urad aeainst retsi/ i ^ loop and also to sta. 

the gimbal loop. The signal5to-noise raSo^ motion not removed by 

taining ±5 prad angular noise with a 10 arad based on main- 

tion of a 58 |irad beamwidth. ^ ^ conical scan amplitude modula 

beam (conically scanning) the received 

angle. The am^plitude of tl”®requ?r:rangul™^^^^^^ point-ahead 

magnification at that point (45 uradf anti ^ deflection is based on the 
in object space (48 p rad) TL^specHild r deflection 

eliminate that source of error from SfoitofS’' d" ='^«=‘cnt to essentialh 

xrom tne point-ahead angle correction. 


Shuttle Terminal Optical Design (Table 


The final configuration that was chosen fen i 

preexpander optics is similar to that ncira,:) ^ ^ain telescope and 

subsystem. The tradeoff study* that reviewe^d^^h receiver 

with respect to their apnlicabilitv to ®wed the possible optical designs 
the transmitter subsystem The subsystem is also valid fo 

detail, and this design type’ oftes S^^ been studied i 

transmitter. Although this desT/n .ffonf solution for a laser 

system design for a transmitterf thf tranlm^rr u^d' t^ 

will share common optics in order to reduce tf^e o ^ ^®^^°^T-eceiver 

requirements. The following conciir^on overall size and weight 

at tFe final optical design, ligure 5-48 isThe^oS? in arriving 

terminal. igure p-4a is the optical layout for the Shuttle 

C 6nt3r 8, 1 Ob S CIJIT a. tioil IVlilliTTni '7.a ■f’Tr\vi ^ j- I n ^ 

reflected out of a Gregorian sy stem using^ ' a telescope is 

center close to the focus of thrprtaary Lrrof its 

cutout in the center to permit Jight froii fio ’ ? folding mirror has a 

primary. This design app?oIch®mini^afs^^^^ reach the 

‘b maximize the optical aysfem f^r field" g”n°^ 

iiAS 5.21859. ™ test Report, oeptember 1 ^ , 4, WylfaA Contract 
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LIMIT RAY DATA 

SURFACE 

limit RAY 

IMC MIRROR ELEM 7 

1.796* 

STOP 

1.270 

IMC MIRROR ELEM 6 

1.796* 

SMALL FOLDING MIRROR ELEM 5 

2.152* 

SECONDARY MIRROR ELEM 4 

1.652 

PRIMARY MIRROR ELEM 3 

8.999 

LARGE FOLDING MIRROR ELEM 2 

12.861* 

POINTING MIRROR 

1 3.451 * 


■MEASURED ALONG MIRROR SURFACE 


POINTING MIRROR, 
ELEMENT 1 


INNER GIMBAL AXIS' 


OPTICAL CHARACTERISTICS 

magnification 

7.0866 

F - NUMBER PRIMARY 

1.5 

F - NUMBER secondary 

1.15 

FIELD. OF VIEW 

±1/2° 

DIAMETER OBSCURATION RATIO 

0.417 

OUTPUT beam diameter 

1 8 cm 
(7.0866 In.) 


TO RECEIVER 
DETECTOR 


removable MIRROR 


FROM 

LASER DEVICE 



PARABOLOID SECONDARY 
MIRROR 3.691 BASE R 


quarter wave PLATES 


BEAMSPLITTER 

(WIRE GRID POLARIZER) 


ACQUISITION BEAM 


DIMENSIONS IN CENTIMETERS 


PARABOLOID PRIMARY 
MIRROR 21.336 BASE R 

stop' image COMPENSATING 
MIRROR 

6X PRE-EXPANDER ELEMENTS 

OPTICAL SUBSYSTEM SMALL FOLDING 

MIRROR 
ELEMENT 5 


OUTER GIMBAL 
AXIS REF 


PARABOLOID PRIMARY 
MIRROR 54.000 BASER 
ELEMENT 3 


FIGURE 5-48. SHUTTLE TERMINAL OPTICAL LAYOUT 
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Because of the confocal arrange- 

ments and decentrations i not as cr^U^'alt othe^f re^^ToSig^u^a^t^"*"' 
Srorr insidT apeXrL‘ to toeloldtog 

ac,utoitton|ey of%few"::d r toTarte“ r 

toffma'^ge'd FOV =<^fflciently large so as not to obLure an; part of 

Sve “ftold o^ vTew tF toTair"! acquisition. l!r l 

obscuration can be Litomfzlroni; iTthTwr 

mlzed. This implies that the f-nuUer of the pJtat; 
rainimize the power loss resulting from a central obscuration 

ESSS5s=— 

The preferred location L th^toncHonTs at or very" 

todto^Lt de^rSLd TtaftoflMcr 

inairecuy determined the system magnification to this point. 

Maximum Quarter- Wave Platp Wnrirs -n i • t-.. 

available components s 

requiiement of a two-stage expansion of the laser beam. 

gut^t atotnnrg^Tn^r^boto 

tradeoff study and fabrication cost estimates /it was concluLd tlmt a/l fi 
f”ra‘:^r:rd’':osr'‘' ^ compromise between tl^aU p'e^r!*" 

Coaxial Acquisition Beam Along Outer rrirr^bal a^-;c cpi,„ _ .... 

notaT outer gmrbai axis stoce toe ma1”be am ex^^Sd^ 

rotates around this axis with respect to the fixed base structure! 

CO, lasV r^STs Afi erture Gain, The gaussian beam profile of a 

Thil cgitral po^L"n®o";?4“:r 

mtoimtoe the oS!!ur\tton"^“hr 

following IS a brief description of the method used for the laser tr'ansm!tt.r 
Basically, this method requires the g.us,iij, to Wfr«n 
suitably expanded so as to overfill the aperture stop of the telesc'ope By 
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broadening the beam profile, the high energy center will spread; consequently 
a given obscuration will block a smaller fraction of the laser energy. The 
increase in output power is achieved by truncating the lower energy portion 
of the gaussian beam profile and passing more of the high power regions, 

5.4.2 Elliptical Orbit Satellite Terminal 

The deployed elliptical orbit receiver terminal consists of a 28. 5 cm 
aperture optomechanical subsystem, the receiver front-end (detector and 
wideband preamplifier), the receiver back-end (IF stage, doppler tracking, 
and data demodulation electronics), and the detector radiation cooler. The 
28. 5 cm optomechanical subsystem is based on developmental experience 
with the existing 16. 5 cm experimental prototype built by Hughes. The back 
and front ends were built by Airborne Instruments Laboratory; the cooler 
was developed by A. D. Little Company. These components are to be inte- 
grated by Hughes into a complete receiver package meeting the LDRL-IG. 6 
requirement of a 400 Mbps data rate with a bit error probability of 10“^. 

The receiver acquires and tracks the transmitter within the 20° by 20° 
receiver gimbal FOV with a peak tracking error such thasi: the required 
communication performance is maintained. The maiximum permissible 
target rate during acquisition is assumed to be 0. 03 deg/sec. Figure 5-49 
is a block diagram of the Molniya orbit receiver terminal, 

5. 4. 2. 1 Laser/ Beacon and Power Conditioning 

The laser beacon is a 4 watt CO 2 laser. No modulation is imposed on 
this laser allowing a laser efficiency of 9 percent. 

5. 4. 2. 2 Optical Mixer /Radiation Cooler 

Photovoltaic (PV) diodes, which operate near liquid nitrogen tempera- 
tures, exhibit frequency responses beyond 1 GHz, and require relatively 
small amounts of dc bias and incident laser local oscillator power, have been 
found to be ideally suited for lOpm hetrodyne receiver applications. Under 
laser illumination, hole electron pairs are generated within the reverse- 
biased photodiode depletion layer and collected at the contacts . 

A high performance PV HgCdTe photodiode is the most suitable 
photomixer for 10. 6 pm satellite communication receiver applications. 
Selected photomixers which exliibited a quantum efficiency of t|> 50 percent, 
a low incident laser local oscillator power requirement (~1 mW), and a 3 dB 
cutoff frequency of f^, « 800 MHz (for - -800 mV and Rj = 50 ohms) 
permit efficient operation at IF frequencies up to 1500 MHz and result in a 
receiver NEP between 1 x 10"^^ W/Hz and 1.45 x 10"^*^ W/Hz for photo- . 
mixer temperatures between Tm - 77° and 130° K. The hermetically sealed 
RF detector housing (Figure 5-50) is compatible with a satellite erxviron- 
ment, provides RFI immunity and exhibits an IF response beyond 1500 MHz. 

It has been developed in cooperation with the photomixer manufacturer (SAT, 
Paris, France). The PV HgCdTe photomixer /housing was interfaced with a 
wideband 5 to 1500 MHz preamplifier and tested in a dual CO 2 laser test 
setup. Heterodyne receiver measurements were carried out at a variety of 
photomixer temperatures , applied dc bias voltages , incident laser LO power 
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FIGURE 5-50. WIDEBAND HgCdTe DETECTOR IN SEALED HOUSING 


levels, and IF frequency offsets. These data appear in AIL. Final Report for 
Contract NAS 5-23119, August 1974. 

The only proven spaceborne cryogenic cooling system appropriate for 
long duration missions involving 100°K temperatures and relatively modest 
thermal loads is the radiative cooler. A previously developed radiative 
cooler was modified to meet the special requirements of the receiver engi- 
neering model. The special requirements included more extensive RFI 
control, the use of an infrared mixer considerably heavier than the infrared 
detector in the original design, and the use of a coaxial cable to carry the 
broadband signal from the cold stage of the cooler. Figure 5-51 is a photo- 
graph of the radiative cooler. 

The principle of operation of the cooler is that the infrared mixer is 
attached to a central cold patch that is thermally insvilated and shaded from 
thermal radiation from the sun, earth, or other parts of the spacecraft. By 
keeping the cold patch pointed at dark space and limiting other inputs, the 
necessary 100® to 120°K temperature can be obtained. The coaxial cable 
represents a critical thermal path between the infrared mixer on the cold 
patch and the remainder of the electronics (at nominally 20° :t 10® C). To 
limit the thermal load imposed by the cable, it was fabricated from 
0. 034 inch (0. 086 cm) diameter stainless steel cable, which was gold-plated 
to give it low emissivity. The cooler weighs 3.49 povinds (1. 59 kg) and has a 
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FIGURE 5-51. A.D. LITTLE RADIATIVE COOLER (PHOTO 60518-57) 


nominal 120“ clear field-of-view to dark space. The cooler was given 
I extensive thermal and vibration tests to verify performance and it success- 

, fully met all requirements. EHiring the thermal tests, electrical power was 

supplied to the inner stage to simulate the effect of laser local oscillator and 
mixer bias power. With no power supplied the cooler reached an equilibrium 
I temperature of 101. 17“ K and with 40 mW supplied it reached 1 1 1. 91“ K. 

5. 4. 2. 3 Ix>ca l Oscillator Laser and Stark Cell F reouenc v Stabilizatio n 

The tunability of conventional CO^ lasers is limited by the gain line- 
I width of the doppler-broadened molecular transition to about ±60 MHz. The 

tunability of high pressure waveguide lasers, however, is improved by about 
I an order of magnitude due to collision broadening of the molecular linewidth. 
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FIGURE 5-52. SECTION LAYOUT OF LOCAL OSCILLATOR LASER 
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FIGURE 5-53. CO 2 LASER LOCAL OSCILLATOR OUTPUT POWER VERSUS 
MEASURED FREQUENCY RELATIVE TO LINE CENTER 
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A tunable range of ±400 MHz is required for the 400 Mbps optical heterodyne 
receiver and the waveguide laser was selected to provide this function. 

The laser is constrained to oscillate on one transition at a time 
through the use of a blazed grating serving multiple functions as a laser mir- 
ror, a polarizer, and as a coupling device. As a mirror, the grating is 
97 percent reflective. As a polarizer, the grating is 80 percent efficient. 

As a coupling device, the grating couples out of the cavity about 0. 5 percent 
or less of the laser circulating power. By adjusting the angle of the grating, 
the laser can be made to oscillate on any of 1 6 separate transitions in the 
00® 1 - 10° 0 branch. These range in wavelength from 10. 467 to 10. 788 [xm. 
Further, through the use of isotopes of carbon and oxygen, the same branch 
can be shifted to the 1 1. 1, 11.7, or 9. 4 pm bands, yielding a total of 64 sep- 
arate usable wavelengths. 

The preliminary model local oscillator laser used in the receiver 
integration was developed on Contract NAS5- 21859, The tuning specification 
was ± 200 MHz from line center and the unit was to be compatible with the 
dimensional constraints of the receiver. The final configuration, shown in 
Figure 5-52, has a tuning range in excess of ± 300 MHz of line center (see 
Figure 5-53), a power output at Tine center of 540 mW, and operates with a 
total input power of 19. 4 watts. Although this laser has been used throughout 
the receiver integration and testing, a later version was developed under 
Contract NAS5-20623. It is the intention to replace the original develop- 
mental laser with one of the productized versions prior to environmental or 
other mechanical tests. Figure 5-54 is a photo of the preliminary model 
used in the receiver integration. Figure 5-55 is a photo of the productized 
version. Relative performance data of the two devices are given in 
Table 5-24. 


TABLE 5-24. CHARACTERISTICS AND PERFORMANCE OF 
PRODUCTIZED WAVEGUIDE LOCAL OSCILLATOR LASERS 


Parameter 

Productized Model 

Preliminary Model 

Power output, mW 

65onP(20) 

540onP(20) 

Discharge input power, W 

10 

19 

Tuning range (1 dB), MHz 

>±300 

>±300 

PZT mechanical range, pm 

>20 

>20 

PZTvo)tage,V 

±140 

±140 

Discharge length, cm 

6.48 

10 

Bore size, mm 

1.25 

1,5 

Overall length, cm 

17.8 

14 

Gas pressure, Torr 

150 

150 

Discharge current, m A 

2 

2 

Weight, kg 

0.63 

1.2 

Diameter of cylinder, cm 

4.5 

6.0 

Transmitions avilable by 
1 grating adjustment 

P(8) through P(38), 

00° 1 - 10°0 branch 
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When the desired transition is selected by the mirror grating, the 
local oscillator may be tuned over a frequency range of ±300 MHz or ’more by 
positioning the reflective mirror. This is accomplished by mounting the 
mirror on a circular piezoelectric bender. Prior to the development of the 
Stark cell frequency controller, the laser was stabilized on line center of the 
gain profile and then either open-loop offset from line center or square-wave 
dithered for closed loop control. These approaches were not satisfactory 
for use in the receiver engineering model and the use of a Stark absorption 
cell to stabilize and control the frequency of a CO 2 laser was developed. 
Stabilization is achieved by directing some of the laser energy through the 
Stark cell and locking the laser frequency to the Stark absorption line. A 
dc electric field applied to the cell causes the frequency of the absorption 
line and, thei'efore, the laser frequency to be tuned. In this way, the dither 
modulation used to develop a frequency discriminant is applied to the Stark 
cell rather than the laser and the laser frequency varies only with tracking 
errors rather than by the sum of the dither plus the tracking errors. I^ong 
term and short term laser frequency stability of 100 kHz has been achieved. 
Because no dither signal appears in-the laser frequency, this stabilization ’ 
technique is optimum for the transmitter as well as the LO laser. - 

The Stark cell contains a mixture of !NID 2 “NH 2 which coinbine to form 
NH 2 D, as well as other mixed isotopic forms of ammonia. At a total pres- 
sure of 1 Torr, the absorption coefficient is 0. 01 cm~i when the Stark cell 
is tuned to the P(20) line center (at an electric field of 3570 volts /cm). At 
^i§her pressures, the 80 hfHz wide doppler broadened absorption line 
becomes pressure broadened and the dc breakdown voltage of the cell is 
reduced. If an arc develops, dissociation of the gas occurs, reducing the 
signal level. A convenient set of parameters which works satisfactorily for 
this application is : 

Baser transition P(20), 1 0. 59pm P(14), 10. 53pm 

Cell length 10 cm 

Field gap 1. 28 mm 

Pressure 1 Torr 

ND 3 :NH 2 ratio 1:1 

Resonant voltage 456 volts on P(20), 570 volts on P(14) 

(calculated) 

Absorption coefficient 10 percent 

(calculated) 

A Ip percent absorption coefficient is more than adequate to provide 
an excellent signal-to-noise ratio for locking of the laser to the Stark cell, 
"^hile the 10 cna cell length is a reasonable size for the laser package The 
resonant voltages are convenient values in a range where a number of pre- 
cision power supplies are available. 
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The Stark cell consists of five main components: bore structure, end 
washers, end cap window assemblies, housing, and electrical feedthroughs. 

A section drawing and a photograph of the Stark cell are shown in Figure 5-56. 

5. 4. 2. 4 Doppler Tracking Receiver 

Since CO 2 laser communications use a heterodyne receiver, the 
doppler shift of the received signal appears at the intermediate frequency. 
Since the carrier frequency of a CO 2 laser is very high, 28 THz 
(28 X lOl^' Hz), and the relative satellite velocities are also high (7. 8 km/sec 
for a 185kmorbit) a large doppler shift results. The doppler frequency can 
be as great as 736 MHz for a link between a synchronous satellite and a 
1 85 kmaltitude satellite. For 556 and 1850 km orbits, the maximum doppler 
shifts are 715 and 658 MHz respectively. The doppler shift varies during the 
orbit of the low earth satellite and varies with the inclination angle the plane 
of the satellite orbit makes with the line of sight. Figure 5-57 shows a typical 
set of variations. 



FIGURE 5-57. TYPICAL DOPPLER SHIFTS 



T 1 of restrictions in the tunability of currently available laser 

local oscillator ’a complete doppler tracking with the laser 
FipnrrrS r' f receiver is employed as shown in 

lorf K receiver, the doppler frequency is tracked in the first 

Ih ^ oscillator to maintain a first IF greater 

than 400 MHz Phase lock is maintained in the second loop by the^voltage 
controlled oscillator (VCO). The operation can be visualiz^ed by mlans of 
the chart shown in Figure 5-59. In Figure 5- 59a, the received signal is at 

ir l°oal oscillator is set at 

sitiL As thp^d^^ ^ respect to the center frequency of the molecular tran- 
sition. ^ As the doppler decreases, the automatic frequency control loon 

^ieurTs 59d) T -ero dopplL is Approached ^ 

ill 5-59d), the laser local oscillator is approaching -400 MHz and data 

fhe laser local oscillator is switched to 
00 MHz (Figure 5-59e) and AFC tracking continues as the doppler frequencv 
takes on negative values with respect to the center frequency. ^ ^ 

-u 4 --? receivers, a squaring loop has the advantages of 

high utilization of the signal energy and simplicity of implementation A 
squaring loop configuration is shown on Figure 5-60 The square 
law device converts the binary modulated sidebands to carrier energy at 
twice the input carrier frequency. This 2fj^ component is then filtered and 
compared in phase with a 2fjp component c^erived from a stable oscillator 
at frequency fjj^. Any phase difference between the two IF components pro- ' 
duces an error voltage that tends to minimize their phase difference by 
adjusting tlie frequency of the VCO so that its output frequency is just fTir 
l fh® exact frequency required to convert the signal frequency^fo toffee 
IF frequency, Thus the two coherent references are available to track 

the doppler frequency and to demodulate the incoming communication sig^;ll. 

ah-Tf parameters of a tracking loop determine its noise bandwidth its 

ability to track signals over a range of doppler shift and doppler rates and 
the time required for the loop to acquire the signal. The loop bandwidth 
required to minimize the effects of oscillator noise within the system is an 
additional consideration in the tracking loop design. Such factors have beL 

of 5nn Ih V design that exliibits a noise bandwidth 

of 500 kHz and has the ability to track signals with doppler rates well in 
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FIGURE 5-58. DOUBLE CONVERSION GOn LASER HETERODYNE RECEIVER 
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FIGURE 5-60. PHASE-LOCKED LOOP SOUARING LOOP 


excess of 20 MHz per second. This loop acquires a signal in less than 0. 12 
second by searching frequencies 85 MHz on either side of a preset RF 
frequency. 

The signal from the RF preamplifier of the infrared heterodyne 
receiver is passed through, a linear phase bandpass filter with a 3 dB band- 
width of 400 MHz* It is then split into two paths, one path goes to the data 
demodulator and the other serves to provide the tracking loop Signal (see 
Figure 5-60). The second path is applied to a frequency doubler where tlie 
sideband energy is converted to carrier power at 3 GHz, This carrier is 
then compared in phase with a 3 GHz reference derived from a crystal con- 
trolled reference source. The quadrature loop phase detector provides loop 
lock indication. The error voltage from the loop phase detector is condi- 
tioned by the loop filter and amplifier so that the VCO tracks the modulated 
signal frequency. The 1500 MHz reference is also applied to the data 
demodulator so that, when the loop is locked, the two inputs to the data 
demodulator have the proper phase to demodulate the signal, 

5.4,2. 5 Telemetry and Command 

f ... 

The pulsed and magnitude commands are provided for the flight 
hardware. Telemetry signals are either analog or on- Off signals, A partial 
command and telemetry function list is given in Table 5-25. 
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TABLE 5-25. TELEMETRY AND COMMAND REQUIREMENTS 


ANALOG TELEMETRY 

ANALOG COMMANDS 

Pointing mirror position, pitch 

Pointing mirror position, pitch 

Pointing mirror position, roll 

Pointing mirror position, roll 

IMC position, pitch 

Local oscillator frequen'cy set 

IMG position, roll 

Spare (2) 

Laser local oscillator current (2) 

DIGITAL COMMANDS 

Stark cell voltage 

Beacon on 

Receiver control signal, pitch 

Beacon off 

Receiver control signal, roll 

Receiver on 

Laser local oscillator temperature 

Receiver off 

Structure temperature (3} 

Acquisition mode on 

Power supply currents (3) 

Acquisition mode off 

Power supply voltages (6) 

Spare (3) 

Beacon power 

Release radiation cooler caging mechanism 

Receiver signal strength 

■ 

Spares (3) 


DIGITAL TELEMETRY 


Angle acquisition mode 


Angle track mode (2) 


Stark cell load lock 



5.4. 2. 6 Receiver Optical Mechanical System and Acquisition/Tracking 
Servo System 

Optomechanical System 

The optical /System needed for space optical communications must be 
compact and toler a, nt of the mechanical and thermal environments of launch 
and in-orbit opera.1;ion. * These are conflicting requirements since the more 
compact the optica.1 system is the tighter are its mechanical tolerances. The 
depth of focus of an f/2 optical system at a wavelength of 10 pm is only 
0. 0025 cm. Further, all- reflective systems are preferable since alignment 
and testing can be done with visible light and the temperature dependence of 
refractive elements can be avoided. Two very compact all-reflective optical 
systems have been thoroughly evaluated for the 10 pm: the Cassegrain and 
the folded Gregorian. The folded Gregorian was chosen as more suitable for 
several important reasons : 1) The confocaT arrangement of the primary and 
secondary mirrors leads to zero spherical aberration on-axis and negligible 
coma and astigmatism off-axis. (2) The configuration can withstand rela- 
tively large misalignments without detei'ioration of the heterodyne signal. 

(3) Thermal compensation of system focus can be achieved provided the 
mirror and structure are made of the same material. Figure 5 -6i shows the 
basic folded Gregorian optical system layout. The optical mechanical 
system uses an IS. 5 cm (7. 3 inch) diameter primary mirror which gives a 
92 dB antenna gain at 10 pm. It should be pointed out that the focal nature 
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table 5-26. optical CHARACTERISTICS OF GREGORIAN 

HETERODYNE RECEIVER 


Design configuration 

Gregorian system with paraboloidal 

Diameter of primary 

primary and ellipsoidal secondary 
18.50 cm 

Diameter of secondary 

4.80 cm 

Diameter of input beam 

16.50 cm 

Diameter of exit pupil 

1 .92 cm 

f number of system 

8.00 

f number of primary 

2.22 

f number of secondary 

1.94 

Focal length of primary 

41.00 cm 

Focal distances of secondary 

9.291 cm 

Magnification 

30.135 cm 
4.41 

Separation: primary /secondary 

50.292 cm 

Spectral region 

10.60 jJLm 

Field coverage 

±0.13° 

Input acquisition field 

±10° 

Image diameter 

0.60 cm 

Distance from center of exit 
Pupil to; a) First IMC 

-1.27 cm 

b) Second IMC 

1.27 cm 


DETECTOR 
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requirement that the focused spot, or 
Airy disk, match .,he detector sensitive area in the optical heterodyne 

ti^e area receiver engineering model, that has been built, the sensi- 
tive area of the infrared mixer is 200 |xm in diameter. sensi- 

about the nominal 45 ° tilt relative in i • scan oi ±5 , 

4- in° ^ • 4.* i-eiacive to tJie optical axis, and a range of roll nf 

i. ' pointing accuracy of this gimbal-mounted mirror i ^ 

defines the field coverage of the receiver syster^ ^ ^ 

The axial input signal beam, afteif reflecting off the oointinv an,! 
fs’eTFiLTe's °62>' ‘"e center of L Sdtog^m^tor 

SeLoT* '^efle^^ting off the IMCs, is focused onto on^axis 

11 -,’ inputs, the IMCs are suitably tilted so that the 

signal beam is once agam focused on the same on-axis detector ^ 

NAS li t'issq ‘Ms optical design are contained in Contract 

>•<... 

..p, a'S:: 

cylinder on top is the supporting structure for the radiation cooler A rrvo- 
stat is mounted on the cylinder support ring and can be used to vary the ^ " 
temperature of the infrared mixer. ^ 

4 . mechanical configuration that can best meet the severe 

ments of stability is a shell structure where the optical elements are sun " 
ported on the walls and bulkheads of the shell. The elements shouM bl hofi. 
mechanically and thermally hard mounted to the shell structure Under thi<? 
guideline, a casting would provide an ideal structure for the frame However 

riviSd nSf/"" are quite expensive and bonded an<f 

rivited plates with web-type connecting brackets provide a simular mechan 

ical structure which IS acceptable and far less costly. iar mechan- 

An important characteristic of the 10 6 um 4 . 

syS‘ background has very Utile effect on the heterodyne 

system. This is in marked contrast to optical systems using direct detPrf inn 

e asic reason for this characteristic is the narrow bandwidth provided by ' 


^'The optimum detector size is 0 . 72 times the Airy disk size to achieve 
a mixing efficiency of 72 percent. y size to aciueve 
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FIGURE 5-62. 10.6 MICROMETER LASER HETERODYNE 16.5 CENTIMETER 
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TABLE 5-27. THEORETICAL ANTENNA GAIN AND NET 
ANTENNA GAIN FOR 16.5 CM GREGORIAN 
HETERODYNE RECEIVER, IN DECIBELS 


Antenna gain (16.5 cm clear aperture unobscured) 
Antenna losses; 

93.78 

Absorption loss (1% per surface) ^ 

-0.28 

Surface figure loss (2 fringes at 6328 A at 
2 surfaces) 

-0.16 

Distortion loss (thermal-mechanical) 


Without focal compensation 

-0.06 

With focal compensation 

-0.00 

Mixing efficiency (power in Airy disk divided 
by power in aperture, assuming 0.15 central 
obscuration) 

-1.67 

Off-axis loss (beam tilt) 

-0.01 

Total antenna losses 

-2.18 

Net antenna gain 

91.60 dB 


the IF amplifier in the heterodyne receiver as compared to the wideband 
optical (or RF) filter in direct detection receivers. Advantage can be taken 
of this feature only if the system thermal design is capable of accommodat- 
ing the sun's thermal energy entering the aperture of the optical system. 
Optical filtering; at the input aperture using an appropriately coated pr- 
manium window to reject the solar spectrum is an unsatisfacto.ry solution 
since the germanium window would have to be inordinately large and heavy. 

A satisfactory approach with an open aperture is through the use of an iso- 
thermal, all-beryllium optomechanical structure including beryllium optics. 
The exposed optical components can be coated with high reflectivity coatings 
in the solar spectrum that reject about 96 percent of the total solar energy. 
The solar heat load on both the optics and the walls of the structure is con- 
ducted away rapidly due to the very high termal conductivity of beryllium. 

This isothermal characteristic tends to keep all elements of the optics and 
structure at very near the same temperature. The optical performance 
evaluation during the worst case conditions shows a signal loss of only 

1. 5 percent, a value considered negligible. 

A structur el analysis of the receiver engineering model was also 
performed Analytical results were obtained from static 1 g loading and 
dynamic sinusoidal sweep loading of the structure. The former case showed 
no signal loss through the optical chain. In the latter case, the lowest 
mechanical resonance is on the order of 617 Hz, which is well above that of 
high spectral energy vibration inputs. Also, the worst case loads propced 
maximum stresses only one-tenth of the material stress limit. The vibration 
profile assumed in the analysis was that required for the ATS-6 satellite, 
which is representative Of modern geosynchronous communication satellites. 

The optical-mechanical subsystem has rectangular dimensions of 

nominally 25. 4 x 25.;4 x 54. 6 cm (10 x 10 x 21. 5 in. ), not including the sup- 
port cylinder for the radiative cooler or the cooler itself, and the subsystem 
alone weighs 1 1 . 3 kg (24. 8 pounds ) . 
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a) COVER IN PLACE (PHOTO 4R 42473) 


b) FRONT COVER REMOVED (PHOTO 4R 42470) 


FIGURE 5-63. RECEIVER ENGINEERING MODEL 
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and T '--~lcinp Servo System 

in a 10 um laser heterodyne receiver 
Spatial tracking is accompl angular error and position- 

by conical scanning ’ system The movable optical elernents 

ing the optical syetem through a devices. The coarse po.nt- 

are divided re?mb^led mS^ro? and the fine pointing elements are 

ing element is the large ^"^^“^^^^^j.gators) located at the exit pupil of the 
the small iMCs with the iMCs which per - 

optical system. The fine in steps with stepping motors, 

mit the coarse P°^"f'”y^/l^ctrical power needed to drive the gimbal is 
Sr^^fr/ed' stnce^Tormal/s occur in^he form of pulses. 

The overall 2^and ^ pho°ograph°JJd^^^ assembly removed 

ing mirror is obtained by a Rotation of the pedestal provides 

mounted in a yoke on a ^weep results from declination or 

azimuth (or roll) yoke. Positioning is independert m 

tilt about the ‘ ace qlalifled stepper motor drive, 

each axis and is performed by a spac q ^ reduction from the 

positioning drive for each axis consis t P ^ matching worm 

motor shaft to a final a dry film suitable for space use 

:l;retwirn“^irr: - - — 



figure 5-64. COARSE POINTING MIRROR AND 
GIMBAL ASSEMBLY 
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FIGURE 5-65. IMAGE MOTION COMPENSATOR OPTICAL ASSEMBLY 
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FIGURE 5-66. SIMPLIFIED SERVO SYSTEM BLOCK DIAGRAM FOR 
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TABLE 5-28. COARSE POINTING MIRROR/ 
GIMBAL CHARACTERISTICS 


Major axis 

28.3 cm 

Minor axis 

18.1 cm 

Rotation range 

±5° tilt (elevation)* 


±10*^ roll (azimuth) 

Gear ratio 

15 000:1 tilt 


7 500:1 roll 

Step size 

0.001° tilt 


0.002° roll 

Maximum slew rate 

0.05 deg/sec tilt 


0.10 deg/sec roll 


*Tilt range needs to be only half that of the roll range due to 
optical angle doubling inherent in the tilt axis. 


The rfefel ^ Scanning are accomplished with the IMCs. 

e IMCs developed for the high orbit system are driven with piezoelectric 
bim_orph strips and will deflect the beam at the exit pupil by 1“ with the 
application of 500 volts. The resonant frequency is 900 Hz. The far field 
coverage of the system is 0. 2° due to the magnification factor between the 

The IMC assembly, shown in Figure 5-65 
utilizes a rnodified version of the GTE-Sylvania PBM-8GIMC, which has beer 
space qualified on a previous program. 

The IMCs for the low orbit configuration are required to produce a 
beani scan angle of 5° at the exit pupil in order to achieve the H far field 
acquisition. The piezoelectric bimorphs cannot provide this amount of scan 
ngle and a dc torquer must be used. The development of the dc torquer IMC 

IS straightforward, but has not yet been accomplished. 

The servo system consists of three basic units; the acquisition scan 
generator, fine tracking loop, and tracking step command. Figure 5-66 a 
sirnplified servo system block diagram for the roll axis, includes these basic 
units. Since acquisition and tracking are accomplished through sensing the 
communication received signal strength, the receiver's automatic gain 
control (AGC) is a convenient signal source from which to derive the aGaul- 
sition and tracking data. ^ 

AGC voltage) the acquisition/track 

thieshold circuit turns off the tine tracking loop, turns off the tracking step 
command, and turns on the raster scan generator. The IMCs are then 
driven through an x-y scan pattern as shown in Figure 5-67. When the tar- 
get is encountered, the acquisition/track threshold circuit stops the search 
scan generator and terns on the fine tracking loop. If the target lies near 
the center of the IMCs field of coverage, the fine tracking continues in the 
normal manner. However, if the target lies near the edge of the field of 
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EACH LINE FULL BEAM SIZE 

0.00825° 


STEPS PER LINE = 128 
LINES PER FRAME = 128 

DWELL TIME PER STEP = 0.4 X 10 ■ sec TARGET CAPTURE PROBABI LITY 

TIME TO COMPLETE LINE = 0.0512 sec TARGET VELOCITY 0.1 deB/soc= 30% 

TIME TO COMPLETE FRAME = 6.5 sec 0.03 deg/sec = 100% 

FIGURE 5-67. RASTER SCAN PATTERN 

coverage, a tracking step command is generated which instructs the gimbal 
stepper motor to move in such a way as to bring the target to the center of 
the IMG field. 

One of the parameters strongly influencing the design of both the 
acquisition and tracking subsystems is the target maximum angular rate. 

This rate is the sum of the actual target motion and the angular motion pro- 
duced by the optical- mechanical base. The angular motion of the base is^ 
strongly dependent on the attitude control system of the satellite (e. g. , firing 
a reaction jet during an acquisition scan might produce a 0. 1 deg/sec rate, 
which would make the acquisition process more difficult. If such firing is 
prohibited during acquisition, the maximum rate probably would be less than 
0. 01 deg/sec. The present system can accommodate rates of 0. 03 deg/sec 
which is ten times the specification for the ATS-6 satellite. 

5,4. 2. 7 Beacon Transmitter 

The high altitude receiver terminal utilizes all-reflective optics and 

thus can accommodate a beacon transmitter of any wavelength from the ^ 
visible to the far infrared region. The beacon transmitter may be diplexed 
through the use of a dichroic mirror or a wire grid polarizer. Figure b-68 
is an optical layout of the diplexing technique for a 10. 6 [xm beacon. The key 
diplexing elements are the X/4 plate and wire grid polarizer. 

It is also possible to utilize a gallium arsenide array laser as a 
beacon source in the system. In this case, a dichroic xnir r or wo^ci be used 
in place of the wire grid polarizer and a special optical train would be used 
■ to condition the output of the gallium arsenide array. Figure 5-69 illustrates 
an optical ray design of the beacon array operating in the f:8 Gregorian 
optical system. This produces an overall beamwidth in the far field of 0. Z5 
the same field coverage of the acquisitfer-cearch system for 10 pm 
receiver. . ; . 
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FIGURE 5-68. TRANSCEIVER OPTICAL TRAIN LAYOUT SHOWING BEACON PATH 
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6. TECHNOLOGY STATUS AND DEVELOPMENT REQUIREMENTS 


In any space hardware development program it is essential that fully 
functional engineering model hardware be available to demonstrate feasibil- 
ity, performance, reliability, and to minimize risk. Further, technical 
pi'oblems solved during a modest preliminary engineering model develop- 
ment are much less costly than solving the same problems later in a flight 
program. The technology status of the various components and subsystems 
pquired for the high altitude receiver (Molniya) terminal are presently 
in a completed, engineering model stage of development. The singular 
development area recommended for continued work is laser starting relia- 
bility and laser life. 

The status of components and subsystems for the low altitude 
(Shuttle) terminal are not in the completed engineering model stage. 
Although many of the components and subsystems are in an advanced state 
of development, further work is required on these components as well as 
system integration of the Shuttle terminal. 

The following description of development requirements is based 
on the status of technology at the date of this report. The efforts described 
are broadly aimed at • supporting the completion of the Shuttle terminal 
integration, but also are intended to support the fundamental reliability and 
performance of the entire laser link. 


6. 1 TRANSMITTER TECHNOLOGY 

Further transmitter technology development is recommended to 
improve the performance of high data rate COg laser transmitters. The 
task includes improvement of technologies related to laser efficiency, 
starting reliability, modulator frequency response, and modulator driver 
performance. The overall goal is to define the laser transmitter configura- 
tion which satisfies the needs for space experiments and which shows the 
greatest promise of meeting future data relay mission requirements. 

Previous programs have developed a highly efficient waveguide laser 
and a wideband intracavity coupling modulator for high data rate COg laser 
experiments. Individually, the component performance goals have been 
met or exceeded. The waveguide transmitter laser produces 5 watts of 
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power at 10 percent efficiency. The modulator exceeds 1 GHz of bandwidth, 
and the modulator driver meets the voltage and waveform requirements 
for high quality 300 Mbps digital modulation. 

The integrated transmitter subsystem performance is strongly depen- 
;dent, however, upon modulator rod loss. Transmitter frequency response is 
dependent on component interface factors. For example, power output of the 
transmitter 's dependent on modulator rod loss, a loss which is in the laser 
cavity, and transmitter frequency response is dependent upon the polarization 
quality of the mirror grating in the laser cavity. Further, the conventional 
high voltage regulated power supplies used in previous programs do not pro- 
duce reliable waveguide CO 2 lasers starting. 

The solution to the interface problems of the transmitter subsystem 
appear straightforward and can be achieved with modest effort. Baseline 
equipment for the effort is the lasers, modulators, driver amplifiers, 
and power supplies developed on previous programs. The techniques neces- 
sary to improve the performance of the integrated transmitter subsystem 
have been demonstrated at the laboratory level. The objective of the pro- 
posed work is to modify, upgrade, and refine the transmitter subsystem 
to meet the performance requirements for the mission. 

6. 1.1 Modulator Material Improvement 

Modulator rods have been fabricated which are 6 cm long and which 
have a loss at 10 pm of the order of 0. 002 cm- 1, Analysis and experiment 
have shown this value to be only marginally acceptable for high performance 
intracavity coupling modulators. Loss factors of 0. 001 cm- 1 are desired. 

The proposed effort is designed to improve the quality of cadmium 
telluride used in intracavity coupling modulators. The task includes mate- 
rial production selection, loss measurement, coating evaluation, and deter- 
mination of specifications. The goal is to achieve modulator rods having 
Toss factors of 0. 001 cm-1 or less and coatings which are physically capable 
of handling power densities of 10 kW cm~2 and which have a total coating 
loss of less than 0, 25 percent per surface, 

6. 1,2 Modulator-Laser Interface Improvement 

Present frequency response performance shows the effects of 
imperfect grating polarization. An improved pblarizer is required. Modi- 
fication of laser configuration to accommodate this requirement is necessary. 

The modulator -laser configuration will be modified to achieve a trans- 
mitter bandwidth of 400 MHz or greater flat within ±1 dB. 



6 . 1.3 Modulator Driver Improvemenf; 

ol unlfor^t™tL“i 

r^;rot^:« tr:?ai ti“ 

~ew ”nit;:‘^ “ wiHb®rr"eplLed 


6.1.4 ^ansmitter Lase r starting Improvement 

Reliable starting of the transmitter laser occurs onlv -if fT.o • • 

tion transients are isolated from each of the W section ^ V 
a s.ingle regulated high voltage power sunnlA^ -i c a -i-t- ’ 
resistors for each sect-inn T • 4. ^ used with separate ballast 

o^LrtS'gr'i^^arah^i^h dlschar|rn^?on“™r = 

th'-e four llaobrrge 

. . to facilitate starting of the transmitter laser An 

t* 6 Trans mitter Subsystem Integration and Test 

This task is to integrate, test, demonstrate, and evaluate tbe 
b/p™par:d 

6.2 400 MBPS BIT ERROR RATE MEASUREMENTS 

ann A/n. "^^^^^otfort is the measurement of bit error rates IBERV nf r, 
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FIGURE 6-1. PROGRESSIVE TEST CONFIGURATIONS FOR 400 MBPS BER TESTS 
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transmitter subsystem (laser /modulator /modulator driver) is sufficient to 
conduct critical BER tests using the receiver terminal. 

The two data formats which have been considered are NRZ-L and 
Miller. To faithfully transmit the NRZ data format, a frequency response 
to very low frequencies is required. However, the modulator driver ampli- 
fication passband is limited by the hybrids to a lower limit of 10 MHz. 

This distorts the NRZ waveform. The waveform distortion results in an 
increase in the signal-to -noise ratio (SNR) required to achieve a given BER. 

An alternative to NRZ coding is Miller encoding. This shifts the 
data spectrum away from zero frequency and permits the use of a passband 
driver amplifier. However, the Miller code also requires a greater SNR 
to achieve a given BER performance. 

Another alternative to the NRZ-L format is to use the conventional 
NRZ-L data format together with bit dc restoration at the receiver to com- 
pensate for the bit distortion in the driver amplifier. This technique has 
the promise of achieving a given BER with an SNR very close to the tlieo- 
retical values. 

The objective of the proposed work is to use the NASA 10. 6 fJ-na 
receiver engineering model, the NASA 10. 6 jam transmitter subsystem, 
and the NASA BER test equipment to conduct 400 Mbps data transmission 
tests. These tests will measure and evaluate the effects of critical per- 
formance parameters. 

6.2.1 Modification of Receiver to Accommodate 400 Mbps 

This task is for the modification of the AIL and NASA receiver 
terminals from the present 300 Mbps design to accommodate 400 Mbps. 
Mainly, the Bessel filter which limits the IF bandwidth must be increased 
from the present 400 MHz to 560 MHz. 


6, 2. 2 M e a s u r e m ent s 

BER will be measured for several test configurations. In each 
configuration the BER will be measured as a fnilction of the video SNR and, 
where appropriate, the IF SNR. Other parameters which will be varied 
in the measurements are sync phasing, transmitter bit rise and fall times, 
and bit rate. 

The measurement configurations are shown in Figure 6-1. The 
progressive incorporation of subsystem components will allow the effects 
of each to be isolated. 
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6.3 CO^ LASER LIFE STUDIES 

This effort is to study and develop controls of the catalytic reaction 
in sealed-off CO 2 waveguide lasers. This is needed to assure long laser 
life. 

The transmitter and local dsv^illator CO 2 waveguide lasers developed 
by Hughes for NASA are well suited for this test program. Past CO 2 laser 
development effort has resulted in significant cathode performance improve- 
ment (sputtering and adsorption of gases); oxidation has been reduced to 
negligible values; and the amount of CO 2 and CO in cathode discharge test 
cells has shown long term stability. These developments provide the 
potential for extremely long laser'life, but the laser lifetime also depends 
on the catalysis of the CO - COg reaction in the laser discharge. At present 
the catalysis is provided by a residual amount of hydrogen in the laser enve- 
lope after the oxygen scrubbing process prior to filling the laser. Poor 
control of the residual hydrogen results in inconsistent laser efficiency and 
lifetime performance. 

The objective of the proposed work is to quantify the effects of hy- 
drogen on laser efficiency and to investigate methods of stabilizing the 
amount of hydrogen and stabilizing CO - CO 2 reaction in the sealed-off 
CO 2 waveguide laser. The two types of NASA lasers will be used to conduct 
these investigations. Spectraphotometry will be used to quantify the 
partial pressures of CO, CO 2 , and hydrogen, in the lortn of water vapor. 

6. 3. 1 Parametric Measurements 

Parametric measurements will be made to determine laser 
efficiency as a function of hydrogen partial pressure. These will be Con- 
ducted for a number of CO - CO 2 fill combinations determined from 
previous parametric measurements. 

6.3.2 Hydrogen Source Investigation 


Hydrogen emitters and absorbers will be investigated for potential' 
use in the lasers to act as stabilizers of hydrogen partial pressure. 

6. 3.3 Processing and Sealing Procedure 

The processing and sealing procedure for long life COg waveguide 
lasers will be developed. 


6. 3. 4 Life Tests 


Life tests will be initiated on the six local oscillator lasers. Data 


to be monitored during life tests 


includ e tube voltag e , cur r ent, optic al 



hydrogen (water 

6. 3. 5 Reliability Plan 

A reliability plan will be developed for the purpose of gathering 
mean time between failures (MTBF) and failure raL data on ifsers and for 
using these data to predict the reliability of these lasers used in systems! 

6.4 COMPLETION OF LDRL- 10. 6 ENGINEERING MODEL 
4. the development of the LDRL- 10 6 

transmitter terminal which was begun under this contract (NAS5-20018) 

been de^ignad Ld an a“n gL^ier- 

to ground and Shutti?!o°MSni^ a\ 1 rdTai^tfsk ^ 

he design and construction of an optomechanical subsystem to a^ 
the requirements for any of these potential experiments. accommodate 

th.. Development ^ the hardware has progressed to the point of completing 
the assembly of the optomechanical portion of the engineering model ^How ^ 
rri! V r" elements which require furthef deveRpment ‘xhe^r 

ilectrLts.'®''™ and the communication system 

T DRT complete the development of the " 

4CiO M-h ' transmitter suitable for full scale acquisition, tracking, 'and 

400 Mbps communication tests in the laboratory. 

:■ II 

6.4.1 IMG Development 

having a 5° angular coverage will be developed to provide 
fine pointing and acquisition scan, ^ uu proviae 

6> 4. 2 Optomechanical Front-End Integration 

, LDRL- 10. 6 optomechanical subsystem consists of the motors 

and transducers for angular pointing and tracking and the optics 10 ^ 
expanding the transmitter beam. The tasks required for completion of 

this subsystem are integration of the new^^^ Optical alignment 
optical testing. Optical testing will include measurement of beamwidth 
antenna pattern, optical transmission loss and field of view 
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6.4,3 Optomechanical Back-End Development 


The optomechanical back-end development includes the optical 
train to diplex the beacon receiver and transmitter beams, point-ahead 
compensation, transmitter beacon bypass optics, beacon receiver, and a 
GFE 10, 6 Jim transmitter subsystem. This task includes the optical train 
design, construction, and integration of all components. 


6.4.4 Servo Subsystem Development 

The servo subsystem development task includes: 1) design and 
development of an IMG inner control loop, interfacing with existing motors, 
tachometers, resolvers, and encoders, 2) design and development of 
circuitry for extracting pointing error signals from the beacon receiver, 
and 3) design and development of main servo loop to process the error 
signals, to perform the necessary coordinate transformations, and to drive 
the main positioning motors and IMCs. 

6.4.5 Command and Monitor Subsystem 

This task is for the design and construction of the circuitry for 
sequencing the LDRL-10. 6 system. It will provide initial pointing com- 
mands, search commands, and acquisition signals,. Search to track trans- 
fer will be controlled. Provisions will be included to control the point- 
ahead function and the transmitter beacon bypass optics. The subsystem 
will be installed in a console with metering and test points for monitoring 
all functions of the L,DRL.-10. 6 performance. 

6.4.6 Integration and Testing 

The integration and testing will include checkout of all subsystems 
and their integration into the complete transmitter \init. System tests 
include command pointing, acquisition, tracking, and communication tests. 
Testing will be conducted in the laboratory using television equipment for 
qualitative evaluation and BER tests for quantitative evaluation. Tests 
will be conducted between the LDRL- 10.6 transmitter terminal and the 
GFE 10.6 jjim receiver terminal. 



7. EXPERIMENT PLAN 


7.1 INTRODUCTION 


The Shuttle to elliptical orbit experiment plan falls into four 
categories; acquisition, equipment performance evaluation, communication 
<^annel experiment, and the communication demonstration experiment. 

For each experimental run, a test plan will be followed to obtain a full' set 
of data for each set of test conditions, ' 


Communication channel characterization requires that measurement 
e made of all aspects of the LDRL-10, 6 operational sequence These 
measurements include signal statistics as a function of data from: orbital 
parameters, solar background, and ambient spacecraft mechanical and 
therm,al patterns. Other factors to be measured which influence signal 
statistics are transmitter power and frequency stability, radiation cooler 

temperature, tracking error signal, and doppler shift. 


Tabu 7-1 lists some of the most important experiments from each 
category.^ The individual experiments are listed roughly in the sequence 
in which they will be performed. There will be 4 to 8 hours of time 
required to conduct the experirnents. Assuming the experiments set is 
conducted 3 days per week, with approximately 4 hours per experiment 
set, a total of 12 hours of operation is planned per week. In addition, 
one 3 hour communication demonstration per week will bring the total 
operating time to 15 hours per week. For a 1 month Shuttle mission the 
laser experiment will have operated approximately 65 hours. 


7i 2 EXPERIMENT PLAN 
7, 2. 1 Acquisition Plan 

The LDRL-10. 6 acquisition sequence requires special consideration 
due to the narrow communication beamwidths. Given the SNR. in the 
communication channel and initial pointing uncertainty, the time required 
to search all possible positions can be calculated. The acquisition experi- 
ment objective is to verify these calculations under various operating 
conditions. . ■ ^ 


TABLE 7-1. TIME REQUIRED TO CONDUCT LDRL-10.6 EXPERIMENT SETS 


Acquisition Experiments 
Measurements to be made 
Initial pointing 

- Acquisition time (1 minute) 
Acquisition S/N 
False alarm rate 
Average acquisition time 
Initial point error 

Warmup requirements (30 minutesi 

Time Required 
per Set 

40 minutes 

Equipment Performance Evaluation Experiments 
Measurements to be made 

Laser local oscillator power 
Laser transmitter power 
Laser frequency stability 
Power supply voltages 
Tracking S/N 
Beam profile 

Transmitter antenna patterns 
Receiver antenna patterns 
Boresight check 
Collimation check 
Antenna reciprocity 
Doppler tracking 

Time per 
Experiment Set 

10 minutes 

Communication Channel Experiments 
Measurements to be made 
Received signal power 

Spacecraft receiver minimum detection power 
C/N 

Intermodulation distortion 
Harmonic distortion 
Pulse response 
Signal statistics 
Bit error rates 

Time Required 
Experiment Set 

120 minutes 

Communication Demonstration Experiment 

400 Mbps Shuttle to Molniya satellite uplink. Optional RF link relay to ground. 
Continuous Telemetry Data of Relevant Parameters 
Orbital data 
Solar background 

Spacecraft thermal and mechanical stresses 
Radiation cooler temperature 
Spacecraft acoustic noise and vibration 
Tracking error and mirror nutation 

Time Required 
Experiment Set 

60 minutes 

■ ■ '■■■■•• 7^2 ■ ■ ■ 



procedure to establish the link (acquire) is as follows The 

i'nSate^'tb^^ contact with the ground control station, 

initiates the 1^ acquisitior^ procedure by illuminating the low earth oVbit 
mg satellite (^Shuttlq) with a 4 watt CO 2 beacon having a 0. 13° beamw^dth 
The low earth orbiting satellite scans through a solid acquisition ^uncer-* 
tainty) an^gle of ± 0* 5 with an instantaneous field of view of 56 prld until it 

bSSv of "" """"""" 5. 4 seconds -with 

■ V- f Shuttle acquisition angle ± 0, 5° is based upon the 
stability and initial pointing capability of the Shuttle. In the next step of the 

tl^ transmitter of the Shuttle is turned on the 
relay satellite acquires it in an average time of 1. 08 seconds by scanning 
through an acquisition angle of ±0. 1° with its instantaneous field of view of 

terminals is sensed and the active point-ahead 
tracking is initiated. Point-ahead tracking confirmation by both terminals 

acquisition sequence and the tracking and communication phase 

starts upon command from the relay satellite. Figure 7-1 summarizes the 
link acquisition procedure. auiiiiiidrizes me 

• i. assumed. The uncomnensatp.H 

fliTwo^rcaie!° “P°" P°'"‘-®head angle, but would be prLibitive in 

7*2.2 Equipment Performance Evalu a tion 
7. 2. 2. 1 Beam Profile Measurement 

beam profile experiment will be conducted after acquisition. 

The Shuttle terminal received SNR is measured and recorded. While 
locked to the beacon, the optical axis of the Shuttle terminal (transmitter 
and receiver) IS rotated using the angle tracking nutation control The 
nutation amplitude is. then slowly increased. The signals transmitted over 
the link will decrease slowly at first and then will drop off rapidly as the 
nutation amplitude exceeds the half beamwidth. y 

Correlation of received data at the two terminals with the nutation 
a measure of the transmitter and receiver antenna pattern 
profiles. These patterns are represented isometrically in Figure 7-2 This 

important experiment provides data to evaluate the tracking performance 
of the system. or 


7. 2. 2. 2 Bo re sight . 

An immediate indication of misalignment is given by comparing the 
antenna pattern of the receiver with that of the transmitter as found imthe 
beam profile experiment. Adjustments can be made accordingly. 
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• MOLNIYA ILLUMINATES SHUTTLE TERMINAL 

• SHUTTLE TERMINAL SEARCHES 



• SHUTTLE DETECTS MOLNIYA 



• MOLNIYA TERMINAL SEARCHES, DETECTS, 

AND TRACKS SHUTTLE TERMINAL 

• “POINT-AHEAD" ANGLE TRACKING ACTIVATED 

• TRACKING AND COMMUNICATION PHASE 
START 
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RECONSTRUCTED ANTENNA PATTERN 
(USING C/N FROM OPPOSITE 
TERMINAL) 


FIGURE 7-2. BEAM PROFILE MEASUREMENT EXPERIMENT 


7. 2, E. 3 Poin't-Ahead Angle MeasuTement 


In operation, the transmitter bearp. pattern will be located in the 
geometric line of sight by the point-ahead angle, The actual value of the 
point-ahead angle can be determined from tlie I.MC inputs which are part 
of the point-ahead servo loop. This measurement can then be compared 
with the theoretical value determined from orbital/tracking data. 

7.2.3 Communication Channel Experiment s 

Comnaunication channel experinaents will deterrnine the influence 
of the Shuttle spacecraft environment on the communication channel. The 
results will be a characterization of the Shuttle- to -Molniya orbit satellite 
links as they are influenced by these spacecraft environmental factors. 
Experimental measurements of CNR and error count Will be made con- 
tinuously during these experiments. Other measurements will include 
received signal power, intermodulation distortion, harmonic distortion, 
pulse response, carrier spectral broadening, and intersymbol interference, 

7. 2. 3. 1 Signal Strength 

The measurement of received signal strength can be obtained directly 
from the AGC of the Molniya receiver IF amplifier. Fluctuations will 
occur in the signal strength due to mechanical or acoustic noise in either 
spacecraft or any sporadic mechanical or electrical transient in the system. 
It is the purpose of these measurements to correlate the link fluctuations 
with the influential satellite parameter. Signal power fluctuation measure- 
ments are needed for two purposes. The first is to establish the validity 
of optical communication link reciprocity theories which have been generated 
but never tested. The second is that signal fluctuations are anticipated 
to be siifficiently j^ronounced to play an important role in establishing opti- 
mum modulation methods and acquisition and tracking sequences. 

7. 2. 3.2 Error Count or B ER f 

Error count is obtained by transrhitting a stored word through the 

400 Mbps channel from the Shuttle, ^ A reception and detection, the word 

is compared with a referenf/e word and bit errors are counted. 

7 . 2 . 3 . 3 Harmonic Disto rtion 

Harmonic distortion is measured using a sine wave signal which is 
set as specified frequencies across the video pas sband. After transmission 
through the channel, the sine wave and its harmonics are measured. 



2. 3. 4 Communication Channel Re 


sponse 

Other important communication parameters such as amplitude 
response, phase characteristics, and pulse response will be measured 
efore launch and compared with measurements during each measurement 
period after launch. 


7 . 2 . 3 . 5 Receiver Sensitivity 

Measurements of the performance characteristics of the Molniva 
spacecrait receiver are more difficult than ground station measurements 
because the only means of data observation is through the Molniya space- 
craft telemetry channel. Normally, receiver sensitivity measurements 
are made by attenuating the input signal. In the long range link we are 
limited in this respect because signal attenuation will also interfere with 
spatial and frequency tracking. In view of this, the power in the sideband 
IS attenuated by decreasing the modulation index of the of the transmitted 
signal. Prior to Shuttle installation, the laser modulator is calibrated to 
relate rnodulation index and modulation voltage. While operating, the 
modulation index is gradually decreased, permitting a measurement of 
sideband SNR, which is related directly to spacecraft system sensitivity, 
and will allow Calculations to be made of spacecraft receiver noise 
temperature. 

Similar noise temperature measurements of the Shuttle receiver 
can be made. However, with an experiment specialist on Shuttle and 
onboard test equipment, the video SNR can be examined directly rather 
than through a telemetry channel or even through a wideband RF link. 


7. 2.4 Communication Demonstration Experiments 

The communication demonstration experiment (Figure 7-3) is 
designed to directly verify the performance of the Shuttle -to -Molniya 
satellite deployed (experimental 10. 6 fim link when transmitting 400 Mbps 
digital data. As an option, the 400 Mbps signal received by the Molniya 
satellite may be relayed to ground by RF telemetry. Molniya received 
signal parameters of interest will be monitored and telemetered to ground, 
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8.1 INTRODUCTION 

^^^surements are reaulr<=rf fo +-v. r 

of the laser communication terminal e T>k ^ verify the performance 

this section, which include task i3 defined in 

terminal, and 4) testing of the communicalion tf^mJZ° 

applicaWe mTe 'Motoiyl^rtjt teTminu'a^rUst '"Tl Primarily 

cable to the Space ShnWe “d ‘='*‘8 which are primarily appll- 


8. 2 RECEIVER (MOENIYA) TERMINAL 

Sai\rthr™r\™ 

8.2.1 Optomechanical Subsystem 

ing of st^ctu?“::^"arTe 7otatS^^ structure .onsist- 

The subsystem was designed toLve a 2?"^ 20" ratfe subassembly, 

lightweight Further, tie structul^s^^n ? otherSfl^ieli^c:^^^^^^^^^ 
accommodating direct sunlight without distorting the cptics^^r S: structural 

8.2.2 Servo System 

receive Jlub^t^lm''''Si°''t' ? tracking of the 
cceiver subsystem. The design accommodates the use of a single detector 



FIGURE 8-1. EXAMPLE OF INTEGRATED RECEIVER BLOCK DIAGRAM 
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for both the communication and the acquisition and tracking functions. The 
servo system also accommodates the coarse -pointing gimbal driven by step- 
per motors and a fine pointing assembly which is driven with analog signals. 

8.2.3 Receiver Front End 

The receiver front-end consists of a Joule -Thompson cryostat for 
detector cooling, a wideband HgCdTe detector assembly, and a wideband 
preamplifier. 

8.2.4 Receiver Back-End 

The receiver back-end consists of the RF section of the receiver 
electronics. The receiver is tunable from 200 to 900 MHz. It has a 1. 5 GHz 
IF and a phase-lock detection system. The output of the receiver back-end 
is digital (EC L) level. 

8.2.5 Local Oscillator Laser . 

The local oscillator laser is an integral part of the receiver subsys- 
tem, providing about 1 mW of power at the mixer detector. The local 
oscillator laser used in this integration task is a breadboard model unit. ! 

8. 2.6 Stark Cell Frequency Controller 


The frequency control of the local oscillator laser is provided by a 
Stark cell control system. Part of the laser local oscillator power is 
passed chx'ougb the cell to a pyroelectric detector. The cell consists of a 
small amount of deuterated ammonia gas between two parallel electrodes. 

The laser frequency is locked to the absorption line of the Stark cell, and 
tunability can be achieved by varying the dc voltage on the Stark cell. 

8.2. 7 Special Test Equipment 

The special test’ equipment accumulated for these tests w ill include: 

1) RF Simulator — This unit provides a test signal which can be used 
to test the receiver back-end electronics. The unit produces 

the same double- sideband suppressed carrier signal which is 
expected of the laser transmitter. 

2) High Data Rate 10 pin Transmitter — The transmitter source 
used on these tests may be bench hardware. 

3) Blackbody Source — The blackbody source is used to measure 
receiver NEP. It consists of a calibrated blackbody, a chopper, 
and a lock-in amplifier. 

4) Collimator — A bench collimator with a diameter greater than 

12 ■Inches will be used in the tests for collimating the test optical 
signals and simulating space link conditions. 
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Rotary Table — A precision rotary table will be used to measure 
the tracking dynamics of the optomechanical/servo subsystem. 

6) Covered Cart — The receiver subsystem will be mounted on a 
wheeled cart and covered with a lucite shroud to protect the unit 
from dust and humidity. 

7) 300 Mbps Instrumentation — This equipment includes encoders, 
decoders, BER word generator, and a BER receiver. 

8) Console — A console will be built to accommodate all the test 
equipment and instrumentation necessary to complete the 
measurements task. 


8. 3 MOLNIYA ORBIT SATELLITE RECEIVER MEASUREMENTS 

The receiver measurements fall into the general categories of opto- 
mechanical subsystem, communication subsystem, and receiver NEP 
measurements. The following gives a more specific description in the order 
in which the results are presented. 

8 . 3 . 1 Receiver NEP Measurements 

The receiver NEP shall be measured using a blackbody source, a 
light chopper, and the receiver in a Dicke radiometer mode of operation. 
This measurement takes into account the performance of the complete 
receiver system, including optics, local oscillator, obscurations, losses, 
and the thermal noise in the receiver front end. 

8. 3. 1.1 Heterodyne Receiver Sensitivity 

Heterodyne receiver input power sensitivity, Pj^, can be written in 
terms of its basic noise equivalent power per unit bandwidth (NEP) as 


P^ = NEP-B = (1) 


where h is Planck's constant, v is the optical frequency, and B is the noise 
bandwidth of the receiver, qV is a term representing all receiver losses. 
Defined independently, q' can be written as 


where II is the quantum efficiency of the photovoltaic device I. 

^the^e (0. 72 for the fdeal case), L irtheVpAca !ofs°‘ 

ot the receiver {typicallv 0 5^ anrf T ia t-u ^ xoss . 

frhSrnVr-L-fc±<T^^b^^^^^ 

accurate method of making this measuremL“rs th^Zh the radiom^trf 
measurement of a blackbodv sonrr^» T>.ra • j.® t^e/adiornetric 

method and the results of this type o'f measurement. illustrates the 

^•3.1.2 Infrared Heterodyne Dicke Radiometer 

receive? i^u:u:flye°4^r^ °f an optical heterodyne 


= ri'.^ 


( 3 ) 


where P is the signal power within the receiver IP passband B Tn tb. 
Dicke radiometer, 1 the output video sig„al-to-noise ratfo (Sn®; 


= sF<®NR)^j, . (Bt) 


( 4 ) 


radi^omet«‘’*'’ln^V*“''"^'’'^ 1 is the integration time of the 

adiometer. In this expression it is assumed that the chopper has a 50 ni-r 
cent duty cycle and that (SNR)^ << 1 . ^i^opper nas a 5 0 per- 

IF 

^ Heterodyne Signal Power From T hermal Source ^ 

spectral radiant emittance written in terms of frequencv of a 
thermal source at temperature is given from Planck's law by ^ 


W, = 


Ztt 


V / wsitts \ 

exp(h V / kT^ ) - 1 y ar ea . Hz • hemispher e j 


the power being directed into the receiver three factors 
must be applied to^^Equation 5: 1) the area of the blackbody that ifradia^^fn? 
energy, 2 ) the bandwidth that is receiving the radiated energy and 3) tS ® 


^Appendix B,. 

P®yton» A. J. DiNardo, S. C. Cohen, J.H. McElrov R T rnaf-piG 
Infrared Heterodyne Radiometer;" JQE, QE-11, No. 8? Aug 1975. ’ 
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solid angle that is being intercepted by the receiver. Also two modifying 
tors must be applied to the spectral radiant emittance: 1) I/tt which recog- 
nizes the Lambertian radiation pattern from the surface and 2) 0, 5 which 
accounts for the partial reception of the energy due to the linear polarization 
of the receiver. The three primary factors will be considered and then 
applied to Equation 5. Before this is done, however, it is helpful to review 
the laboratory test setup given in Figure 8-2 to appreciate the factors in 
determining the area, bandwidth, and field of view. 


The energy frorti blackbody source of Figure 8-2 is collimated in the 
20 inch collimator. This places the optical receiver in the far field of the 
blackbody source. This fact relates two important properties of the black- 
body source, its effective radiating area, and the effective FOV of that 
radiating area. The relationship is as follows. The field of view is the 
diffraction limited solid angle resulting from the effective radiating area. 
This is true since only the in-phase portion of the energy being emitted by 
the source area, Ag, will be radiated in the desired direction in the far field. 
For a circular aperture this relationship is given by 



f(^ 1 . 03 ^ .(fl.osy 



where is measured at the half-power points. However, the half-power 
points of the FOV, n', does not account for all the energy transmitted. 
Siegman-^ has shown that the more exact relationship is : 



( 6 ) 


Note that can also be related to the diameter of the receiver aper- 
ture by a very large range, R, in the following way: 



*2 . 

•^A.E. Siegman, "Antenna Properties of Optical Heterodyne Receivers/" 
Proc, IEEE, Vol. 54, pp 13 50-1356, October 1966. 
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The FOV of the receiving aperture, can similarly be related to 

the source area, A , and the large range value, R, by 




R 


A R/ 4 ^2 


( 8 ) 


In fact, this equation defines D . It remains to set the actual experi- 
ment such that this is the true limiting value rather than some other 
experimental setting. The proper relationship was confirmed by the use of 
the iris shown in Figure 8-2. It could be set so as to reduce the energy 
reaching the receiver and it could be set such that the energy reaching the 
receiver was set by the relationship of Equation 8; that is, that the receiver 
FOV sets and defines D , 

S' 

Now the receiver optics are diffraction- limited; therefore, the 
receiver solid angle FOV, may also be related to its area, Aj^, by 


Q = — 
R A. 


(9) 


R 


Blackbody Radiating Area and FOV 

From the above discussion the following relationships may be derived. 
Rearranging Equations 6 and 9 yields: 


n A = \‘ 
s s 


10 ) 




( 11 ) 


From Equations 7 and 8 (or Equations 6 and 11) 


A = A_ 
s s R R 


( 12 ) 


This is the convenient result being sought, replacing the somewhat 
uncertain values of and A^ with known values of Aj^ andJTlj^ through the 
relationship of the Gotlimation and the boundary check provided by the iris. 
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From Equation 5, the power density into the receiver may now be 
given as: 


W(f) = 




^R^RM 2tt 


hv 


2 IT \\>? exp (hv/kT 




W/Hz 


( 13 ) 


But from Equation 9 and Reference 3 


^R^R 


(14) 


therefore, 


“ [exp(hv//kT - 1)] 


W/Hz 


(15) 


Receiver Bandwidth and Received Power 

The receiver bandwidth, B, is set by the receiver IF amplifier. 

Since there is no predetection filtering, both the desired and image energies 
fall into this band. Therefore, a factor of 2B is used to determine received 
power from the power spectral density. 


2Bhv 


exp (hv/kT - 1) 


watts 


(16) 


8, 3. I. 4 Measurement of Receiver NEP 

Given the sensitivity of the optical heterodyne receiver in the radio- 
metric mode and the signal power from a thermal source,, it is possible to 
write an expression of receiver NEP as a function of measured (SNR)iFi 
blackbody source temperature, and radiometric integration time. From the 
expression of (SNR)^ 


(SNE)^ = i(SNE)jj,^ • (Bt) 


(17) 


(SNR)jp is substituted by using 

P 


(SNR) 


2h.v 


IF NEP. B NEP ■ exp(hv/kT ) - 1 


(18) 


or from Equation 17 


(SNR) 


V 8P 


(ZhvY 


(NEP) |exp(hv/kT ) - if 


2- (S’-) 


(19) 


Solving for NEP, 


NEP = 


h V 


1 (^) 

kT ) - 1} VSNRJv/ 


1/2 


y/z^ {exp(bv/kT ) - if 


(2 0 ) 


The IF passband shape factor, p, is 1/2 for a single tuned circuit, \rz/Z for 
a gaussian shaped circuit, and 1 for a rectangular passband.^ The five-pole 
Bessel filter used in the receiver subsystem is closest to a gaussian shape, 
and the above expression becomes 


NEP = 


hv 

t/2 


|exp(hy/kT ) - 1 f 


\(SNR) 


) 


1/2 


( 21 ) 


Figure 8-2 is a block diagram of the NEP measurement setup* The 
blackbody cavity source is placed near the focus of the bench collimator. An 
ins is placed precisely at the focus of the collimator. The source is regu- 
lated at a temperature and the chopper is located such that the output 
radiation is rnodulated at the chopping frequency, f . At the receiver, the 
output of the IF amplifier is filtered by its characteristic bandwidth B-and 
shape factor p. The output of the amplifier is detected and drives the lock-it: 
amplifier. The synchronously detected output or the ac output, can be moni- 
tored for signal-to-noise measurements. A true rms voltmeter is used to 
measure the ac output of the amplifier. 


^Appendix’ B. 
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In the actual measurement, the following values were used: 




Trial 1 

Trial 2 

Trial 3 

B = 100 MHz 

T = 

0.036 

0.071 

0. 143 

|3 = n/2/2 

(SNR)^^^^ = 

20 

21. S 

42.0 

f = 89 Hz 
c 

NEP = 

79 hv 

82 hv 

75 hv 


T = 1000“K 


s 

From Equation Z1 


NEP = {1.46 ±0. 06) X 

The factor of 79 times the quantum limit, h^, is in accordance with what is 

expected from the measuring conditions. Recalling that NEP = hv/r)', and 

that n' = tiL ]_> , the following typical values for each loss term are 

. ' j ' m o t o 7 sr 

assigned: 

T]' - 0. 3 

L = 0. 5 

m 

L =0.5 
o 

= 0.2 (for a measured LO induced current of 0. 2 mA) 

and calculated value of NEP is hv/r]' = 67 hV. 

8. 3* 2 Bit Error Rate Tests 

i\ll quantitative bit error rate (BER) measurements through the 
system shall be conducted at a data rate of 400 Mbps with NR Z coding, the 
specified data rate of the LDRL- 10. 6 program. 

The modulator driver used for these tests shall be the ECE driver 
which was developed under the Transmitter Program, NAS5-20623. The 
low frequency rolloff characteristics of this driver make it necessary to use 
the short NRZ word for bit error rate tests. 

8. 3. 2* 1 Measurement Method 

The method of measuring signal-to-noise (S/N) is illustrated in 
Figure 8-3. The signal plus noise power (S+N) and the noise power (N) is 
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TTLeasurcd with an RF power meter at the output of the preamplifier. The 
beam is completely blocked for the measurement of noise power. Thus, the 
measured ratio is: 

/s + n\ 

\ N /p 

and 



where Bp is the noise bandwidth at the output of the preamplifier and Bjp is 
the bandwidth of the Bessel filter in the IF. For each measurement of - 
(S/N)xir a corresponding measurement of BER shall be made and the points 
plotted. The resultant data are plotted to produce a BER curve. 

8. 3. 2. 2 Tests to be Performed 

Bit error rate tests shall be made using various test configurations 
for the purpose of isolating the limiting components. Figure 8-4 illustrates 
five such configurations. Setups 1, 2, and 4 can be achieved using the short 
word from the data generator. Setups 3 and 5 may use a long word, provided 
the system is implemented with dc restoration. 

8. 3. 3 Acquisition and Tracking Tests 

Acquisition and tracking tests shall be conducted in the laboratory, 
first using direct detection for evaluating the servo system and later using 
heterodyne detection for evaluating the communication channel under 
dynamic tracking conditions. These tests shall be conducted with the 
receiver subsystem rtiounted on a precision rotary table. Optical perfor- 
• mance shall be conducted as well as acquisition dynamics, error transfer 
characteristics, tracking tests with fine pointing only, and tracking tests 
with fine and coarse control. 

8. 3. 3. 1 Test Setup 

A sketch of a typical test setup is shown in Figure 8-5. The opto- 
mechanical assembly is mounted to the top of a precisian rotary table which 
is free to rotate within constraints about the vertical axis. The rotation 
angle about the vertical is continuously displayed to a resolution of 0. 0001°. 
A signal proportional to the rate about the vei'tical axis is also available for 
recording. The other axis is adjustable by hand, but no readout is available. 


8-13 


TEST 

NUMBER 



FIGURE 8-4. PROGRESSIVE TEST CONFIGURATIONS BER TESTS 


S8*81S09 

































60518-86 










During testing, the coherent 10. 6 |jim optical detector is replaced by 
a direct detection photosensor operating at 0. 6328 pm. The photosensor is 
placed behind a pinhole located in the focal plane where the coherent sensor 
normally is placed. The pinhole produces a transfer curve similar to that 
produced by the coherent system. 

8. 3. 3. 2 Tracking Loop Measurements 

1) Noise Equivalent Error — This test is a measure of the noise 
equivalent angle (NEA) of the tracking loop, when the input beam 
is not power limited. This quantity is determined by measuring 
the rms voltage at the output of the detector and relating this 
voltage through the proper scale factor to input beam jitter. For 
this test,, the rotary table will be fixed. 

2) Tracking Error With Target Motion — This procedure is the 
same as above except the table is moved by hand back and forth 
within the 0. 2° by 0. 2° IMG field of view at rates up to 

0. 03 deg/ sec. 

3) Tracking Error Caused by Stepper Disturbance — This procedure 
is the same as above except that the table is rotated to cause the 
stepper to be energized. The output of the detector is recorded. 
For this test the peak error is of interest. 

4) Tracking Loop Bandwidth — This bandwidth is determined by 
injecting a constant amplitude sinusoid into the outer loop at the 
integrator output and measuring the relative amplitude and phase 
of the signal after transversing the loop and returning to the 
integrator output. As the frequency is increased the relative 
amplitude will decrease. The frequency at which the relative 
ratio = 0. 707 is the bandwidth. 

5) Acquisition Field of View — This is determined by moving the 
rotary table-each side of zero with the gimbal loop disabled and 
determining when the PZT amplifier used to drive the IMG 
saturates. 

6) Acquisition Dynamics — For this test the gimbal loop is disabled. 
The beam is placed in a known position just outside the 0. 2° by 
0. 2° IMG field of view. With the tracking loop enabled, the 

rotary table is swept slowly through the IMG field of view. This 
is repeated for increasing rates up to 0. 03 deg/sec. 

7) IMG Bandwidth — Procedure is the same as for the tracking loop 
bandwidth except the generator signal is injected at the unused 
input to the IMG amplifier, and the output is recorded at the 
other input. 
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8. 3. 3. 3 Gimbal Loop MeasTirements 

1) Gimbal Range — Th.e maximum gimbal range for each axis is 
determined by rotating the table slowly in each direction and noting 
when the electrical stops are actuated. 

2) Gimbal Step Rate — The gimbal step rate is determined by measur- 
ing the time required to traverse a selected gimbal range, 
measured by the table readout. 

3) Gimbal Tracking — The rotary table is moved by hand within the 
20° by 20° field of view, while angle position, IMG drive voltage, 
and table rate are monitored. 

4) Gimbal Angle Eeadout Accuracy — The point-to-point repeata- 
bility of the gimbal readout will be determined as follows: The 

tracking systems are disabled (manual mode). The rotary table 
is rotated to bring the beam within the detector field of view to 
give a peak detector response. The table is then rotated to a 
selected angle, and the gimbal is stepped manually until the 
response is again at a peak. The table angle and gimbal angle 
readouts are then recorded. This procedure is repeated for 
several points throughout the gimbal range. 

5) Gimbal/IMC Alignment — This is determined as follows. First 
the gimbals are "zeroed" using the optical slip reference. Next 
the tilt gimbal will be manually rotated to 0.05°, while the sys- 
tem is tracking. The gimbal angle and IMG position (Burr- 
Brown output) for both axes will be recorded. If the X-axis IMG 
has an output other than zero, the roll gimbal is adjusted in 
steps, and the above test is repeated until the X-axis IMG shows 
a minimum dc offset. The required roll axis adjustment is 
recorded. 

6) Gimbal Axes Orthogonality — With the roll axis adjusted as in 
item 5 above, the gimbals ±0. 05° are stepped (in turn) and the 
IMG outputs for both axes are recorded. 

7) Gimbal Axis Gross -Goupling Dynamics — With the system track- 
ing, each gimbal is stepped in turn for short bursts and the 
filtered error signal for each axis is recorded. 

8. 3. 4 Optical Measurements 

Optical measurements shall be made to determine the quality of the 
optical system and of the individual elements. The 10 pm tests are conducted 
on the system to verify 10 pm element gain and loss. Visible light tests 
made with a HeNe laser are used initially to identify distorted elements in 
the system. 
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8. 3. 4. 1 10 |jLm. Tests 


The test equipment necessary to perform the 10 pm optical tests are 
a 10 pm source, a collimator, a precision rotary table, and a power monitor. 
The test configuration is illustrated in Figure 8-6. 

Gain Versus Field of View 

This test uses a 10. 6 pm laser signal monitored with a power meter 
at the 200 pm detector iris. The precision mount is rotated by 0. 10°, and the 
correction is made with the IMCs to bring the signal back through the 200 pm 
iris. The power is again monitored and compared with the previous reading. 
These measurements are limited to ±0, 10° by the built-in mechanical limit 
of the IMCs, ' > 

Fiducial Mirror Bor e sight 

The purpose of the fiducial mirror is to provide an optical, reference 
axis for the receiver subsystem. This test consists of initial boresight 
alignment of the fiducial mirror with the optomechanical subsystem in the 
centered or gimbal-lock position, scanning the gimbal through ±1. 0° in each 
axis, and returning the gimbal to the center position. A comparison is then 
made between the fiducial mirror and the optomechanicJal subsystem axis. 
Tests show that the boresighting axis is maintained to less than 0. 01°. 

Loss Through Syste m 

The 10. 6 pm loss through the optical system is measured by two 
independent methods. The first is accomplished by measuring the flux 
density of the collimated beam and computing the power entering the aperture 
and then comparing this power with that measured at the 200 pm iris. The 
second method is sending a 1 cm diameter collimated laser beam through the 
system and measuring the total power at the detector plane. The second 
method measures the optical surface loss of all the optical surfaces while the 
first method also takes into account the diffraction loss. The loss per 
surface is typically measured to be less than 2 oercent, and the loss through 
the entire system is measured to be typically between 0. 5 dB and 1. 1 dB. 

8. 3. 4. 2 Ne-Ne Laser Tests 

Measurements using a HeNe laser at 6328 A° provide an additional 
measure of the optical perf or inance by observing a "wavelength some 17 times 
shorter than the 10 pm wavelength for which the optical system was designed. 
Two techniques are especially useful. The first, observing the far field 
diffraction pattern of the entire system, is illustrated in Figure 8-7. The 

second, a double pass interferometer setup, is illustrated in Figure 8-8. 

8. 3.4. 3 Far Field Diffraction Patter-n 

A portion of the HeNe collimated beam, is focused by the receiver to 
plane of the dvetector. Projection optics are used to magnify the image and 
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FIGURE 8-7. TEST ARRANGEMENT FOR FAR FIELD DIFFRACTION PATTERN 
OPTICS EVALUATION 



FIGURE 8-8. DOUBLE PASS INTERFEROMETER 
TEST SETUP 



display it on a screen; the magnification of the proiection optics is /q-, 

...... Me. i>,o, .. .1. ’“„i 

8. 3.4.4 Donble-Pass Interferometer 

• j' -j Produces a fringe pattern of the 

ibo'T. w fringe counts for an indiviLal eleme^^^^ 

fringes.’ of spherical symmetry can be accepted up tflO 


SUB^^Ss^ (SHUTTLE) TERMINAL COMPONENTS AND 

V A simplified block diagram of an integrated transmitter terminal i« 
shown in Figure 8-9. The diagram illustrates the functlo^arrelatt^Mp'of 
the components and subsystems and the special test equipment TheSllow 

mg IS a brief description of the principal components LdTXsystems whic^^ 

coSFguration transmitter terminal in the measurements 


8. 4.1 Optomechanical Subsystem 


The optomechanical subsystem consists of an all-beryllium mechanical 
structure, optics coarse pointing gimbal. and fine pointing Issemb^ The 
subsysteni IS designed to have a hemispherical range of coverage compact 
sme, and light weight. Further, the structure is an isothermal design capabh 
turarfrme ® without distorting the optics or ll ftrul 

8. 4. 2 Servo System 

_ The servo electronics contains the acquisition and tracking circuits 

The servo design accommodates a single detector for acquisition and trackinir 
using conical scanning. The servo system drives the coarse-pointing inner 
and outer gimbals and the fine pointing assembly. Because of^the large field 
of view, the servo system must have the capability of resolving trurtfrgef 
assemWil^^. Proper signals to coarse and line pointfng 

8 * 4, 3 Transmitter Laser /Modulato r 

Thi^ subsystem consists of the transmitter la:ser and c o upline- mo du 
lator mounted integrally in the optomechanical back-end. Its fundt“?i is to ‘ 

^rTn'^mis^ron the optLal“ for‘ ° 
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8.4.4 Modulator Driver 

The modulator driver is part of the laser transmitter subsystem. 

Its function is to amplify the level of the digital data signal from EC L level 
to 120 V for the laser modulator. Ideally, the modulator driver would be 

located Mt to the laser transmitter. The " 

suitable spacecraft heat sink, since approximately half the transmitter 
subsystem power is dissipated in this driver. 

8.4^5 Beac on Receiver Front End 

The beacon receiver front-end consists of the mixer, cooler, and 

wideband preamplifier. . 

8 . 4 . 6 Beacon Receiver Back-End 

The beacon receiver back-end consists of an electronically tunable 

tracking receiver capable of frequency tracking the beacon signal .over ^ 
of 200 to 900 MHz. Tracking error is provided by a discriminator ^u^ied t 
?F freqne^y. An AM detector and tracking filter is used to provide a 

suitable discriminate for the servo system. 

8.4.7 Local Oscillator Laser 

The local oscillator laser is integrally mounted in the optical opto- 
mechanical back-end and provides 1 mW of local oscillator power at the 
mixer detector. 

8. 4. 8 Stark Cell Frequency Controllers_ 

Both the transmitter laser and the local oscillator laser use St^^k 
cells for frequency control. The local oscillator for the beacon^ signal wdl 
utilise the P-14 line of stabilization. The transmitter laser will utilize the 
P-20 line of stabilization. 

8.4,9 Special Test Equipment 

Special test equipment required for transmitter terminal test and 
evaluation will include: 


1) 10 [xm Beacon Laser 

10 urn Receiver Subsystem - This unit must have th^ capability 
of receiving 400 Mbps data from the transmitter. It must per- 
form equivalently to the high altitude Molniya terminal receiver. 

3^ Digital Test Equipment--^ This equipment consists of a 400 Mbps 

NRZ word generator and a matched receiver for measuring 
BER. 


8-23 


4) Signal Analyzer -- The signal analyzer must be capable of 
analyzing the RF spectrum of the modulator driver or that from 
the test receiver, A capability of observing the signal waveform 
must also be provided. 

5) Console — A console shall be used to house all control and test 
equipment used for the transmitter test and evaluation. 

6) Covered Cart - The transmitter optomechanical assembly shall 
be mounted on a movable cart with a suitable cover for protection 
from dust and moisture. 

Collimator ■ A bench collimator shall be used for providing a 
collimated beacon and for collecting and measuring the output 
of the transmitter subsystem. 

8) Rotary Table — A precision rotary table will be required for 
acquisition and tracking dynamical testing. 


8.5 TRANSMITTER TERMINAL. MEASUREMENTS 
8.5.1 Transmitter Laser Tests 

^ ^ birefringent crystal aligned for amplitude modulation, the fraction 
Cm of the incident optical power rotated in polarization by 90° during a 
single pass is “ 


Cm " sin^ (r/ 2 ) 


In the equation, r is the phase shift experienced in a single pass through the 
modulator. In terms of the half-wave voltage V^, 


r = where V_ = 53, 000 - ^ for CdTe 

Vtt ^ St 


Here f is the modulator length and d is the modulator height (width). Typi- 
cally phase shifts of approximately 0.1 radian are encountered. Therefore, 
one writes Cm C /4. To determine the modulation properties of the 
crystal, let V = ^m sin The time average power is Cj^ = (F ^/4) 

sin wmt = ^^^ 78. Now for an intracavity modulator, light expermnces two 
passes through the rod, resulting in a phase shift twice the single pass value. 
Consequently, Cm= for this arrangement. 
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For the intracavity modulator, the average output power 


IS 


r 2 

J- w-» 


Pi ^ = n p 


'g C 2 


g c 


TT 


where is the efficiency of the grating in coupling out the modulated light. 
The prime power required to drive the crystal is given by 


m 


M 


2R Ti 


md 


where Ym peak voltage across the crystal, R is the impedance seen by 

the modulator driver, 3-ndil j^^ is the electrical efficiency of the modulator 
driver. Combining these equations yields 


2 

TT n„n ,RP p,, 
g ,md c M 


(Vt 


In the measurement of transmitter laser performance, the most important 
parameter is the modulated sideband power out, Pp Its measuremti't is 
straightforward. However, the factors which contribute to the power output 
should also be determined. From the above equation, these are circulating 
power (and associated laser prime power), modulator driver power, wave- 
form, and associated modulator driver prime power. 


8. 5. 1.1 Faser Circulating Power 


Laser circulating power shall be measured by measuring the power 
transmitted through a high reflectivity mirror with known (calibrated) trans- 
mission characteristics. Typically, the high reflectivity mirror maybe 
99 percent reflective and 1 percent transmissive. The target circulating 
power for this design is the order of 50 watts, which will provide a sample o: 
0. 5 watt through the reflective mirror (see Figure 8-10). 


8. 5. 1. 2 Modulated Output Powey V ersus Modulator Driving Voltage 

This measurement is a test of the relation 


P, = i1 P 
1 g c 




IT 


8-25 




where V is the rms modulating voltage, is the circulating power, "Ha is 
the coupling coefficient, and Vtt is the half-wave retardation voltage ot the 
modulator. The measurement of circulating power and the modulated output 
power Pi should be consistent. If they are not, then the performance of the 
modulator is not as it should be. 

8. 5. 1.3 Modulator Bandwidth 

Measurement of modulator bandwidth should be performed only after 
the modulator is integrated with the laser, since the bandwidth performance 
is critically dependent on the grating (or polarizer) coupling coefficient. The 
input to the modulator driver amplifier is a variable frequency source, 
preferably a sweep generator which sweeps from 1 MHz to 500 MHz. The 
sweep rate should be slow, corresponding to the response of the optical 
power meter. The modulated output power should be plotted against driving 
frequency for a fixed rms driving voltage (see Figure 8- 10). 

8. 5. 1.4 Output Beam Radiation Pattern 

The radiation pattern of the output beam should be measured and 
recorded. A suitable method of observing the pattern is using a UV 
fluorescent target. However, a suitable method for recording this pattern 
has not yet been developed. 

8. 5. 1.5 Modulator Temperature Stabilization 


The modulator temperature is regulated using a proportional con- 
troller. The temperature is sensed using a thermocouple which is embedded 
in the beryllium oxide modulator structure, very close to the modulator rod. 
Measurement of the modulator temperature control characteristics and 
temperature stability can be achieved by recording the millivolt output of 
the thermocouple on a chart recorder as a function of time. 

8. 5. 1.6 Laser Stabilization 

Stark cell frequency stabilization of the transmitter laser produces a 
discriminant which is a precise linear function of the laser frequency. The 
discriminant has a time constant depending on the dither frequency of the 
Stark cell, and can be as short as 1 ms. Thus, the instantaneous laser 
frequency can be m.onitored to measure its relative stability. In addition to 
the laser frequency history, the discriminant time constant and the overall 
loop gain and time constant should be recorded. 

The laser frequency stabilization is a strong function of the ambient 
acoustical and vibrational environment. It is thus advisable to record the 
ambient acoustical noise levels, and to isolate the transmitter and local 
oscillator lasers as much as possible to avoid extraneous vibrational 
coupling. 
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rf.5.2 Modulator Driver Te sts 
8-5.2.1 Modulator Driver Output 

while modulator driver shall be measured 

these tests shall be a pseudorandom word signal source for 

of 50, 100, 200, and 400 ThJrZ't f operating at bit rates 

to approximately 0. 7 as the daf-a ra+ • • ^ put voltage is expected to drop 

This effect is du"^ to tL change of bis, v 50 to 400 Mbps. 

waveform to a nelr° sinlJoidl! wlteLlmr^"^^ from a near rectangular 

Modulator Driver Output Waveform 
digital d^at rrefo™o!^‘SS Tor and^lir^""^* 

patterns shall also be taken. The voftaae a^^f- ,°^^put voltage. Eye 

calibrated. ge and time scales shall be accurately 

Input Power and Driver Efficien cy 
each of ae%tTs^'bove®'“Vh"eVf^^^ f/th 

computed for each data rate from ^ ^ inodulator driver shall be 


Driver Efficiency, % - 


("^rms)^ 


(Total input power) * 


8. 5. 3 Acquisition add Tracking T ests 

first conducted in the laboratory, 

heterodyne detection system and then using ^ 

These tests shall be conducted with servo System, 

on a precision rotary table Ootical omechanical subsystem mounted 
dynamics, error transfer cbaralf?^^ performance as well as acquisition 
cLducted. characteristics, and tracking tests shall be 

8.5. 3. 1 Test Setup 

The -S of “• ' 

table which is free to rotate withirconetraLs abo^^^ precision rotary 
rotation angle about the vertical axis is 5 fhe vertical axis. The 

n. 75 aradf A sifr„ 7 vertical axis is displayed to an accuracy of 0. 0001° 

recording/ The othiCrs^ir^^s 
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FIGURE 8-10. TEST SETUP FOR MEASURING CIRCULATING POWER, 
MODULATED POWER OUTPUT, AND TRANSMITTER BANDWIDTH 



FIGURE 8-U. TRANSMITTER (SHUTTLE) TERMINAL SERVO TEST SETUP 
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For preliminary tests, the coherent 10 [xm detector may be replaced 
with a silicon photodiode sensitive to 6328 A light. The photosensor must 
be placed behind a pinhole in the focal surface, the pinhole matching the 
10 Lim. diffraction limit. Under these conditions, the transfer characteristic 
of the visible light beam is similar to that obtained with a coherent 10 
beam and receiver. 

8.5. 3.2 Tracking Loop Measurements 

The following subsections delineate the parameters to be measured in 
the servo tests and briefly describe how the measurements are made. 

1) Noise Equivalent Error — This test is a measure of the noise 

equb^alent angle (NEA) of the tracking loop, when the input beam 
is nut power limited. This quantity is determined by measuring 
the rms voltage at the output of the detector and relating this 
voltage through the proper scale factor to input beam jitter. For 
this test, the rotary table will be fixed. . 

2) Tracking Error With Target Motion - This procedure is the same 
as above except the table is moved by hand back and forth within 
the 1.0° by 1.0° IMG field of view at rates up to 0.8 deg/ sec. 

3 p Tracking Error Caused by Gimbal Noise — This procedure is the 
same as above except that the table is rotated to cause the coarse 
gimbal to be energized. The output of the detector is recorded. 
For this test the peak error is of interest. 

4) Tracking Loo n Bandwidth — This bandwidth is determined by 
injecting a constant amplitude sinusoid into the outer loop at the 
integrator output and measuring the relative amplitude and phase 
of the signal after transversing the loop and returning to the 
integrator output. As the frequency is increased the relative 
amplitude will decrease. The frequency at which the relative 
ratio = 0. 707 defines the bandwidth of the loop. 

5) Acquisition Field of View - Determined by moving the rotary 
table about zero with the gimbal loop disabled and determining 
when the IMG driver saturates. 

Acquisition Dynamics - For this test the gimbal loop is disabled. 
The beam is placed in a known position just outside the IMG field 
of view. With the tracking loop enabled, the rotary is swept 

slowly through the IMG field of view. This is repeated for 

increasing rates up to 0.8 deg/sec. 

7) IMG Bandwidth — Procedure is the same as for the tracking loop 

bandwidth except the generator signal is injected at the unused 

input to the IMG amplifier and the output is recorded at the other 

■ ' ■ . input. ■ 
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8. 5. 3. 3 Gimbal Loop 


1 ) Gimbal Range — The maximum gimbal range for each axis is 
determined by rotating the table slowly in each direction and 
noting when the electrical stops are actuated* 

?A Gimbal Step Rate — The gimbal rate is determined by measuring 
the time required to traverse a selected gimbal range, which is 
measured by the tabls readout. 

3 ) Gimbal Tracking — The table is driven at a steady rate for each 
axis over the field of view, while angle position, IMG drive volt- 
age, and table rate are monitored. 

4) Gimbal Angle Readout Accuracy — The point-to-point repeata- 
bility of the gimbal readout will be determined as follows: The 
tracking systems are disabled (manual mode). The rotary table 
is rotated to bring the beam within the detector field of view to 
give a peak detector response. The table is then rotated to a 
selected angle, and the gimbal is driven in steps until the response 
is again at a peak. The table angle and gimbal angle readouts 

are then recorded. This procedure is repeated for several 
points throughout the gimbal range. 

5 ) Gimbal/IMC Axes Orthogonality — Determined as follows; First 
the gimbals are "zeroed". Next, one gimbal will be manually 
rotated 1° while the system is tracking. The gimbal angle and 
IMG position for both axes will be recorded. If the orthogonal 
axis IMG has an output oth<- r than zero, nonorthogonality of axes 
is indicated and realignmel.t of the IMCs is required. 

6^ Gimbal Axis G r os s-Goupling Dynamics - With the system track- 
ing, each gimbal is driven for short bursts and the filtered error 
signal for each axis is recorded. 


8.5.4 Optical Measur ements 

The optomechanical subsystem for the transmitter terminal is an^ 
afocal system. Measurements shall be made to determine the quality of the 
optical System and of the individual elements. The 10 pm tests are conducted 

on the system for the purpose Of verifying beacon antenna pattern and 

transmitter illumination efficiency. Helium neon (6328 A) laser tests may _ 
be used to confirm system optical quality. However, these are mainly useful 
for analyzing the figure of the individual optical elements. Gollimation of 
the system may be determined v/ith an autocollimator. 

8. 5 . 4. 1 10 pm Tests 


The test equipment necessary to perform the 10 pm beacon optical 
tests are a 10 um beacon source, a bench collimator, a precismn rotary 
table, and a power meter. To perform the 10 pna transmitter throughput, 
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transmitter subsystem with the specified beam pattern must be used. This 
unit may be a complete transmitter subsystem or a GW laser which has the 
correct radiation pattern. The test configuration is illustrated in 
Figure 8-12. 

Gain Versus Field of View 


This test uses the 10 [im source in the bench collimator and the 
power meter in the optomechanical structure under test. The conditioning 
optics in the system focus the 10 pm energy through a pinhole which will 
match the diffraction limit of the system. When the energy is maximized 
through the pinhole, 84 percent will be transmitted for a perfect system. 

The precision rtiount is driven through alignment and the power transmitted 
is measured. This measurement is made for the IMCs on-axis and at their 
maximum deflection to verify that the antenna gain is uniform over the 
entire IMG or fine pointing field of view. 

10 pm Loss Through System — Receive Mode 

The optical flux density is measured at the aperture of the system, 
and the amount of power entering the aperture is computed. The amount 
reaching the detector is measured. This is a measure of optical loss (includ- 
ing obscuration) through the entire optical system in the receive mode with 
uniform illumination. 

10 pm Loss Through System — Transmit Mode 

The test transmitter with a known optical power ilkxminates the 
system through the proper conditioning optics. The power reaching the power 
monitor of the bench collimator is measured and the net throughput is 
determined. 

Helium-Neon Laser Tests 

Measurements using a helium neon laser at 6328 A provide an addi- 
tional measure of the optical performance by observing a wavelength some 
17 times shorter than the Id pm wavelength for which the optical system was 
designed. Two techniques are especially useful, the first is by observing 
the far field diffraction pattern of the entire system. The second is with a 
double pass interferometer to obtain an actual fringe pattern of the individual 
optical elements . 
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9 . W ORK BE.EAKDO WN S TRUCU TRE 


The Work Breakdown StrucRire (WBS) covers all aspects of the 
development of the experimental hardware and the performance of the 
experiment. It is divided in to the categories of program management, 
documentation, system engineering, design and development, fabrication 
test, ^ground support, and reliability and quality assurance.' 

The WBS reflects the efiort required for a thermal structural model an 
engineering model, a prototype, a flight model, and flight spares. In ground 
support the effort required at the spacecraft contractor's site, ground station, 
and the effort required for data acquisition and reduction is included. Within 
each element of the WBS, man-hour and skill level requirements are listed 
(See Section 10. ) 


For the Shuttle- to- elliptical orbit satellite experiment, the Shuttle 
terminal is assumed to have full flight quality hardware just as required 
for a normal 1 to 2 year satellite experiment. The elliptical orbit satellite 

is also required to have full flight quality hardware. 


The' full WBS illustrated in Figure 9-1 applies to both the Shuttle 
terminal, level 1 designator (S) and the elliptical terminal, level 1 
designator (M). The level 1 designator is for the terminal. Eevel 2 defines 
the v/ork categories, while levels 3 and 4 break down the effort into 

subcategories and subsystems. Level 5, the component level, is not given 
here. ° 
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FIGURE 9-1. WORK BREAKDOWN STRUCTURE 
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1 0. MAN - HOUR ES TIMA TES 


10.1 SHUTTEE TERMINAL 


Table 10-1 gives the man-hour>:= ^ i.-L , 

shuttle terminal and ground support for a for the development of a 

satellite laser communication Speriment ^ r orbit 

WBS defined In Section 9 of tMsXcumen^ ^ conforms with the 

included in this estimate are; * equipment and services 

Terminal Descr iption 

. 400 Mbps transmitter subsystem, 1 watt, 10 pm 

. Beacon receiver subsystem, heterodyne, 10 pm, radiation code 
. 1800 FOV optomechanical subsystem, 18 cm aperture 

Design/Developm ent 

Laser life tests and transmitter subsystem development 

• Modulator material development 

• Detector development 

• Radiation cooler integration 

• Servo system design 

Models 

• Engineering model development 

• Thermal structural model 

• Prototype model 

• Flight model 

• Flight spares 

• Ground support equipment 


*Other direct charges (e. g. , material) have been included ■ lU 
as equivalent man-hours. uiciuded m these estimates 
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TABLE 10-1. MAN-HOUR ESTIMATES FOR SHUTTLE SORTIE CO, LASER 
TRANSMITTING TERMINAL 



SMTS 

MTS 

TE 

GE 

Shop 

Total 


62,261 

100,809 

131,608 

46,288 

29,860 

370,826 

Management 

10,296 


24,024 



34,320 

Program office 

5,148 


12,012 



17,160 

Supporting laboratories 

5,148 


12,012 



17,160 

Documentation 



17,160 



17,160 




10,920 



10,920 




6,240 



6,240 

Systems Engineering 

8,580 

6,864 

1,716 



17,160 

Design and Development 

17,316 

30,328 

30,328 

8,611 


86,583 

Development 

6,116 

10,718 

10,718 

3,026 


30,578 

Transmitter 

2,652 

4,649 

4,649 

1,310 


13,260 

Receiver 

1,030 

1,810 

1,810 

499 

. 

5,149 

Optomechanical 






0 

Detector cooler 

312 

546 

546 

156 


1,560 

System integration and test 

1,810 

3,167 

3,167 

905 


9,049 

TStC interface 

312 

546 

546 

156 


1,560 

Design 

11,200 

19,610 

19,610 

5,585 


56,005 

Transmitter 

1,435 

2,512 

2,512 

718 


7,177 

Receiver 

. 1,248 

2,184 

2,184 

624 


6,240 

Optomechanical 

5,772 

10,109 

10,109 

2,870 


28,860 

Detector cooler 

187 

328 

328 

94 


937 

System integration and test 

2,246 

• 3,931 

3,931 

1,123 


11,231 

T&C interface 

312 

546 

546 

156 


1,560 

Fabrication, Assembly, and Test 

14,228 

42,681 

28,456 

28,456 

28,456 

142,277 

Engineering model 

4,695 

14,086 

9,392 

9,392 

9,392 

46,957 

Transmitter 

686 

2,059 

1,373 

1,373 

1,373 

6,864 

Receiver 

749 

2,246 

1,498 

1,498 

1,498 

7,489 

Optomechanical 

2,028 

6,084 

4,056 

4,056 

4,056 

20,280 

Detector cooler 

125 

374 

250 

250 

250 

1,249 

System integration and test 

1,076 

3,229 

2,153 

2,153 

2,153 

10,764 

T&C interface 

31 

94 

62 

62 

62 

311 

Thermal/structural model 

3Lo 

983 

655 

655 

655 

3,276 

Transmitter 

78 

234 

156 

156 

156 

780 

Receiver 

78 

234 

156 

156 

156 

780 

Optomechanical 

156 

468 

312 

312 

312 

1,560 

Detector cooler 

16 

47 

31 

31 

31 

156 

System integration and test 






0 

T&C interface 






0 
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Table 10-^1 (continued) 


Prototype 
Transmitter 
Receiver 
Optomechanical 
Detector cooler 
System integration and test 
T&C interface 
Flight 

Transmitter- 
Receiver 
Optomechanical 
Detector cooler 
System integration and test 
T&C interface 
Spares 

Transmitter 

Receiver 

Optomechanical 

Detector cooler 

System integration and test 

T&C interface 

Qualification-Acceptance Test 


Engineering model 
Thermal/structural model 
Prototype model 
Flight model 
Spares 

Ground Support 


Design 

Transmitter 

Receiver 

Optomechanica! 

Bench test equipment 
Ground test equipment 

Launch special test 
equipment 

Data reduction and analysis 
Fabrication/assembly/test 
Transmitter 
Receiver 
Optomechanical 


SMTS 

1 

MTS 

TE 

— 1 

GE 

Shop 

Total 


3,198 

390 

530 

1,248 

125 

827 

78 

3,089 

406 

499 

1,170 

125 

811 

78 

2,918 

359 

484 

1,170 

125 

702 

78 

9,484 

2,371 


9,594 

1,170 

1,592 

3,744 

374 

2,480 

234 

9,267 

1,217 

1,498 

3,510 

374 

2,434 

234 

8,751 

1,076 

1,451 

3,510 

374 

2,106 

234 

9,484 

2,371 


6,397 

780 

1,061 

2,496 

250 

1,654 

156 

6,177 

811 

998 

2,340 

250 

1,622 

156 

5,835 

718 

967 

2,340 

250 

1,404 

156 

4,744 

1,186 


6,397 

780 

1,061 

2,496 

250 

1,654 

156 

6,177 

811 

998 

2,340 

250 

1,622 

156 

5,835 

718 

967 

2,340 

250 

1,404 

156 


6,397 

780 

1,061 

2,496 

250 

1,654 

156 

6,177 

811 

998 

2,340 

250 

1,622 

156 

5,835 

718 

967 

2,340 

250 

1,404 

156 


31,983 

3,900 

5,305 

12,480 

1,249 

8,269 

780 

30,887 

4,056 

4,991 

11,700 

1,249 

8,111 

780 

29,174 

3,589 

4,836 

11,700 

1,249 

7,020 

780 

23,712 

5,928 

0 

5,928 

5,928 

5,928 

15,294 

8,741 

0 

0 

0 

3,433 

2,654 

2,654 








Table 10-1 (continued) 


Bench test equipment 

Ground test equipment 

Launch special test 
equipment 

Data reduction and analysis 

SMTS 

172 

265 

265 

MTS 

328 

515 

515 

TE 

328 

515 

515 

GE 

172 

265 

265 

Shop 

94 

156 

156 

Total 

1,094 

1,716 

1,716 

Calibrate 

328 





0 

Transmitter 

608 

608 

328 

155 

2,027 

Receiver 






1 ° 

Optomechanical 






0 

Bench test equipment 

Ground test equipment 

Launch special test 
equipment 

Data reduction and analysis 

78 

125 

125 

140 

234 

234 

140 

234 

234 

78 

125 

125 

31 

62 

62 

0 

467 

780 

780 

Refurbish 







Transmitter 
Receiver 
Optomechanical 
Bench test equipment 
Ground test equipment 






0 

Launch special test 
equipment 

' 






Data reduction and analysis 







Quality Assurance 


6,864 

20,592 

6,864 



Performance assurance 
Inspection 



34,320 
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The equipment on the Shuttle consists of an optomechanical package 
of the same size and general design as that developed under NAS5-20018, the 
L.DRXj- 10,6 program. The transmitter is a high data rate 10 pm subsystem 
based on the current 300 Mbps design. A 10 pm heterodyne beacon receiver 
subsystem is included; the detector is assumed to be cooled by a radiation 
cooler. 

Ground support equipment includes special test equipment for ground 
station and launch support. 


10.2 ELLIPTICAL ORBIT (MOLNIY A) TERMINAL 

Table 10-2 gives the ma-n-hour estimates^' for the development of ah 
elliptical orbit (Molniya) terminal and ground support for a Shuttle sortie to 
elliptical orbit satellite laser communication experiment. The listing conforms 
with the WBS defined in Section 9 of this document. The equipment services 
included in this estimate are: 

Terminal Description 


• CW beacon transmitter, 1 watt, 10 pm 

• 400 Mbps receiver subsystem, heterodyne, 10 pm 

• 20 X 20 FOV optomechanical subsystem with a 28. 5 cm aperature 
De s ign / Development 


• Laser life tests and receiver subsystem development 

• Redesign of pptoniechanical subsystem to accommodate larger optics 

• Detector development 

• Radiation cooler integration 
Models 


• Engineering model 

• Thermal structural model 

• Prototype model 

• Flight model 

• Flight spares 

• Refurbish transmitter engineering model for ground station use 

'•'Other direct charges (e. g. , mater ial) have; been included in these estimates 
as equivalent man-hours. 

1 ( a 

J V . 



• Refurbish receiver engineering model for ground station use 
. . . • Ground support equipment 

. The. equipment on the Molniya orbit terminal consists of an 
optbmechanicaLpackage based on the design of the 10 pm receiver subsystem 
completed under contract NAS5-21859 except that the optical aperture size 
will be increased from the present s. 5 inches to 11 inches. The beacon 
transnjittqr is a . 10; pm laser subsystem based on the current Hughes local 
oscillator laser design, but with optimally coupled output mirror. The 
10 pm, high data rate receiver subsystem is based on the current 
heterodyne receiver subsystem developed under NAS5-21859 and NAS5-20018. 
The wideband detector is of the present design but with improved performance 
The radiation cooler is of the current A. D. Little design. Ground support 
equipment includes special test equipment for ground station and launch 
support. 



TABLE 10-2. MAN-HOUR ESTIMATES FOR MOLNIYA ORBIT 
SATELLITE COj LASER RECEIVING TERMINAL ' 



SMTS 

MTS 

TE 

GE 

Shop 

Total 


70,263 

113,800 

146,549 

50,594 

30,952 

412,158 

Management 

10,858 


25,334 



36,192 

Program office 

5,429 


12,667 



18,096 


Supporting laboratories 
Documentation 

Systems Engineerin g 
Design and Develop ment 
Development 
Transmitter 
Receiver 
Optomechanical 
Detector cooler 
System integration and test 
T&C interface 
Design 

Transmitter 

Receiver 

Optomechanical 

Detector cooler 

System integration and test 

T&C interface 

Fabrication, Assembly, and Test 
Engineering model 
Transmitter 
Receiver 
Optomechanical 
Detector cooler 
System integration and test 
T&C interface 
Thermal/structural model 
Transmitter 
Receiver 
Optomechanical 
Detector cooler 
System integration and test 
T&C interface 


5,42r/ 12,667 

18,096 
10,920 
7,176 

9,048 7,238 1,810 

22,682 39,718 39,718 

9,329 16,334 16,334 

2,340 4,103 4,103 

1,435 2,512 2,512 

3,432 6,006 6,006 

1,810 3,167 3,167 

312 546 546 

13,353 23,384 23,384 

3,962 6,942 6,942 

1,591 2,792 2,792 

5,242 9,173 9,173 

2,246 3,931 3,931 

312 546 546 

14,618 43,850 29,236 

4,961 14,881 9,923 

624 1,872 1,248 

749 2,246 1,498 

2,309 6,926 4,618 

47 140 94 

1,076 3,229 2,153 

156 468 312 

328 983 655 

78 134 156 

78 234 156 

156 468 312 

16 47 31 


18,096 

18,096 

10.920 

7,176 

18,096 

11,295 113,413 

4,649 46,646 

1,154 11,700 

718 . 7,177 

1,716 17,160 

0 

905 9,049 

156 1,560 

6,646 66,767 

1,966 19,812 

780 7,955 

2,621 26,209 

0 

1,123 11,231 

156 1,560 

29,236 29,236 146,176 

9,923 9,923 49,611 

1.248 1,248 6,240 

1,498 1,498 7,489 

4,618 4,618 23,089 

94 94 469 

2,153 2,153 10,764 

312 312 1,560 

655 655 3,276 

156 156 780 

156 156 780 

312 312 1,560 

31 31 156 

0 
0 






Table 10-2 (continued) 



SMTS 

MTS 

TE 

GE 

Shop 

Total 

Prototype 

3,276 

9,827 

6,553 

6,553 

6,553 

32,762 

Transmitter 

234 

702 

468 

468 

468 

2,340 

Receiver 

530 

1,591 

1,061 

1,061 

1,061 

5,304 

Optomechanical 

1,560 

4,680 

3,120 

3,120 

3,120 

15,600 

Detector cooler 

47 

140 

94 

94 

94 

469 

System integration and test 

827 

2,480 

1,654 

1,654 

1,654 

8,269 

T&C interface 

78 

234 

156 

156 

156 

780 

Flight 

3,213 

9,641 

6,427 

6,427 

6,427 

32,135 

Transmitter 

312 

936 

624 

624 

624 

3,120 

Receiver 

499 

1,498 

998 

998 

998 

4,991 

Optomechanical 

1,466 

4,399 

2,933 

2,933 

2,933 

14,664 

Detector cooler 

47 

140 

94 

94 

94 

469 

System integration and test 

811 

2,434 

1,622 

1,622 

1,622 

8,111 

T&C interface 

78 

234 

156 

156 

156 

780 

Spares 

2,840 

8,518 

5,678 

5,678 

5,678 

28,392 

Transmitter 

250 

749 

499 

499 

499 

2,496 

Receiver 

499 

1,498 

998 

998 

998 

4,991 

Optomechanical 

1,264 

3,791 

2,527 

2,527 

2,527 

12,636 

Detector cooler 

47 

140 

94 

94 

94 

469 

System integration and test 

702 

2,106 

1,404 

1,404 

1,404 

7,020 

T&C interface 

78 

234 

156 

156 

156 

780 

Qualification-Acceptance Test 

10,232 

10,232 

5,116 



25,580 

Engineering model 

2,558 

2,558 

1,279 



6,395 

Thermal /structural model 






0 

Prototype model 

2,558 

2,558 

1,279 



6,395 

Flight model 

2,558 

2,558 

1,279 



6,395 

Spares 

2,558 

2,558 

1,279 



6,395 

Ground Support 

2,825 

5,524 

5,524 

2,825 

..1,716 

18,414 

Design 

1,327 

2,622 

2,622 

1,327 

843 

8,741 

Transmitter 






0 

Receiver 






0 

Optomechanical 






0 

Bench test equipment 

515 

1,030 

1,030 

515 

343 

3,433 

Ground test equipment 

406 

796 

796 

406 

250 

2,654 

Launch special test 
equipment 

406 

796 

798 

406 

250 

2,654 

Data reduction and analysis 






0 

Fabri cati on /assembly/test 

702 

1,358 

1,358 

702 

406 

4,526 

Transmitter 






0 

Receiver 






0 

Optomechanical 

. 






0 
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Table 10-2 (continued) 



SMTS 

MTS 

TE 

GE 

Shop 

Total 

Bench test equipment 

172 

328 

328 

172 

94 

1,094 

Ground test equipment 

265 

515 

515 

265 

156 

1,716 

Launch special test 
equipment 

265 

515 

515 

265 

156 

1,716 

Data reduction and analysis 






0 

Calibrate 

326 

608 

608 

328 

155 

2,027 

Transmitter 






0 

Receiver 






0 

Optomechanical 






0 

Bench test equipment 

78 

140 

140 

78 

31 

467 

Ground test equipment 

125 

234 

234 

125 

62 

780 

Launch special test 
equipment 

125 

234 

234 

125 

1 

62 

780 

Data reduction and analysis 




1 


0 

Refurbish 

468 

936 

936 

468 

312 

3,120 

Transmitter 

234 

468 

468 

234 

156 

1,560 

Receiver 

234 

468 

468 

234 

156 

1,560 

Optomechanical 






0 

Bench test equipment 






0 

Ground test equipment 






0 

Launch special test 
equipment 






0 


Data reduction and analysis 
Quality Assurance 

Performance assurance 
Inspection 


7,238 


21,715 


7,238 


0 

36,191 

0 

0 








APPENDIX A . TRANSMITTER OPTICAL ALIGNMENT 

PROCEDURE 


A. 1 INTRODUCTION 

The optical configuration of the LDRL transmitter system consists 
of two afocal Gregorian telescopes with a large (0. 362) central obscuration. 
The relatively high speed (f/l. 5) of the primary makes accurate alignment 
crucial. 

There are four aspheric surfaces comprising the two telescopes, 
each surface having a specific optical axis and a focal point on that axis. 
For proper alignment, all four axes must be collinear with the system 
axis and each pair of focal points for the two beam expanders must coincide 
The system axis follows a complex path as it is folded through the mechani- 
cal structure by nine flat-folding mirrors. The reference mechanical axis 
is the rotational axis of the outer gimbal bearing located between the two 
Gregorian telescopes. All optical elements must eventually be aligned to 
this reference axis. 


A. 2 SPECIAL TEST FIXTURES 

Several test fixtures must be available for system alignment and 
test. These fixtures are described throughout this procedure. For con- 
venience, all of the required devices are listed here; 

1) Rigid mount to hold the transmitter optical structure to a 
standard optical table 

2) Means for rigidly caging the inner and outer gimbal bearings 

3) Means for reading the position of the gimbal resolvers 

4) Two test mirrors and means foir mounting these to the 
rotating portion of the inner and outer gimbals 

5) Alignment fixture for IMG subassembly alignment 

6) Two autocollimating telescopes with fully adjustable mounts 



7) Two steerable flat mirrors, of at least 7 inch diameter 

8) A HeNe alignment laser 

9) A collimated visible source of at least 8 inch diameter 

10) Reticle for location of the center of the small folding diagonal 
mirror (fold 3) 

11) Alignment fixtures for the primary and secondary mirrors 


A. 3 ALIGNMENT PROCEDURE 

The system will be aligned using a step-by-step procedure. It is 
assumed that the preexpander will be received as an aligned subassembly. 
Under this assumption, the large 7x beam expander will require alignment, 
followed by relative alignment between the two expanders. 

The first task in the alignment procedure is alignment of the 7x 
beam expander telescope consisting of the primary, secondary, and one 
folding mirror. The IMC subassembly alignment is next, followed by the 
alignment of the two folding mirrors following the IMCs. Next, the two 
large output flat-folding mirrors will be aligned. Alignment will be com- 
pleted with the installation of the preexpander telescope. Figure A-1 is a 
diagram of the optical system with all mirrors labeled. These labels will 
be used throughout this procedure. 

Two test mirrors are shown in Figure A-1, TSl and TSZ, These 
mirrors must mount to the rotating portion of the inner and outer gimbals 
and be adjustable in angle. They should be flat. TSl must be about 6 inches 
in diameter while TS2 may be as small as 1 inch diameter. 


A. 4 7x BEAM EXPANDER ALIGNMENT 

Figure A-2 is a schematic representation of the 7x optical beam 
expander, along with the optical alignment devices to be used in this pro- 
cedure. Two autocollimating telescopes (ACl and AC 2) and two steerable 
flat mirrors (flat 1 and flat 2) are required. ACl is used in two positions, 

A and B, The principal mirrors of the expander have been labeled. An 
alignment crosshair or reticle is required to locate the center of the open- 
ing in fold 3 . Alignment will be 'much easier if this centering device con- 
sists of an etched crosshair pattern on a transparent substrate. 

Several alignment fixtures must be available. The most important 
fixture will be the mount for the telescope housing. This mount must 
support the telescope on an optical table in a manner that will allow installa- 
tion and removal of the major optical components and subassemblies without 
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disturbing the position of the box. It must mount the box as if the view in 
Figure A-1 were a top view so that the principal axis of the telescope is 
parallel to the surface of the table. It is not necessary that the mount be 
adjustable, only that it be rigid. If gimbals are installed, they must be 
locked. 

Mo\ants must also be available for the two autocollimators. These 
motints must be securely fastened to the table, and must be adjustable in 
four dimensions, two angular rotations, and two linear translations. 

The three elements to be aligned are the primary, secondary, and 
fold 3. Fold 3 has no adjustments. The center of fold 3 thus locates a point 
on the reference axis. The secondary has three degrees of freedom, two 
angular adjustments, and a focus translation. The center of this mirror 
establishes a second point on the reference axis and establishes the 
reference axis. The primary mirror has five degrees of freedom, and is 
adjusted to coincide with the established reference axis and focal point. 

The alignment procedure is as follows (referring to Figure A-Z): 

1) Mount the mechanical structure so it is rigid. Install fold 3 
and the reticle to locate the center of fold 3. Temporarily 
install the secondary. 

Z) Mount AC 2. Align AC2 so that the reticle in fold 3 and the 

center reference hole of the secondary are on the axis of AC2. 

This establishes the reference axis. 

3) Mount ACl in position A, Adjust ACl to align its axis with the 
reticle in fold 3 and the center hole of the secondary. 

4) Remove the secondary. Align flat 1 so that AC2 auto collimates. 
Check ACl for autocollimation. Both ACl and AC2 should auto- 
collimate with flat 1 and coincide with the reticle in fold 3. 

Repeat steps 2 through 4 until this condition exists. 

5) Install the secondary and its alignment fixture. Focus ACl on 
the reticle in fold 3, Illuminate the target graticule in AC2. 

Adjust the secondary until the target from AC2 is in focus and 
aligned with the reticle in fold Z, as viewed through ACl. 

Focus may be checked by a lack of parallax between the target 
and the reticle. 

6) Lock the secondary and remove the alignment fixture. 

7) Move ACl to position B. Adjust ACl for autocollimation with 

flat 1. ■ 

8) Install fold 2 in the box. Align flat 2 so that ACl is auto collimated 
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^stall the primary mirror. Remove the reticle from fold 3 
witlTACZ^ primary until the center reference hole is aligned 

10) Focus AC2 to infinity. Adjust the primary until AC2 is auto- 

Alilnm^^if®^ expander to flat 2 and is in focus. 

Alignment of the 7x beam expander is now complete. 

A. 5 PRELIMINARY ALIGNMENT OF IMG SUBASSEMBLY 

assembly has not been fully designed. This procedure 
steps necessary for alignment. These adjustments or equiva- 
lent adjustments should be considered during final design. ^ 

, depicts a suggested alignment fixture. The IMG assemblv 

must be adjustable as a unit to compensate for tolerance buildup in the 7x ^ 

subassembly should mount to the test fixture in 
its nominal or centered position. 

if built up of 1/4 or 3/8 inch aluminum plates. Small 
?Tvrr inch) are located as shown along the nominal optical axes of the 

IMG subassembly. The alignment procedure is as follows: 

1) Mount the test fixture to a suitable table. 

2) Align a HeNe laser through holes A and B that establish the 
input axis. 


3 ) 

4 ) 

5 ) 


Mount the IMG subassembly with IMG 1 in place. 

Adjust IMG 1 so that the beam from the HeNe hits the center 
ot the mirror and exits through hole G. 

Install the stop and adjust to center it on the HeNe beam. 


fcstall IMG 2 so that the HeNe beam hits the center of the 
IMG mirror and exits through hole D. 

A. 6 ALIGNMENT OF IMG ASSEMBLY 

Refer to Figure A- 2. It is now necessary to illuminate the primarv 

tag"r^eS?re. source. This may be accomplished by the follow- 

1) Establish the conditions shown in Figure A- 2. 

Position an adjustable flat mirror to reflect a collimated 
HeNe source onto fold 2. Adjust the angle of the flat to place 
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a point HeNe image on the crosshair of AC2 (use eye protection 
if necessary); 

Check to see that the entire primary of the system is illuminated. 
If not, move the flat mirror and repeat the alignment in step 2. 

4) Examine the beam emerging from fold 3. A symmetrical 
toroid representing the primary mirror and the hold in fold 3 
should emerge with no other shadows. If this is not the case, 
alignment to this point is not correct and must be repeated. 

5) Install the IMC subassembly and again examine the emerging 
image. Adjust the IMC assembly until the shadow cast by the 
atop is symmetrical with the outline of the primary mirror. 

These two circles should be very nearly identical in diameter. 


A. 7. ALIGNMENT OF FOLDING MIRRORS BEHIND IMC ASSEMBLY 

Fold 4 and fold 5 following the IMC s are used to align the optic axis 
to the center of the outer gimbal bearing axis. Two additional aignment 
fixtures are required. These are the adjustable flat mirrors, TSl and TS2, 
described earlier and shown in Figure A-1. Use the following procedure; 

1) Assuming the system is set up as in step 5 of the previous 
alignment, the 1 inch diameter HeNe laser beam is still 
exiting the system. Set up an autocollimator to accept this 
beam, and adjust the auto collimator until the focused HeNe 
laser beam coincides with the crosshair, 

2) Turn off the HeNe laser. Mount alignment mirror TSl. Adjust 
for autocollimation through the system. 

3) Move the auto collimato r so that it coincides approximately with 
the optic axis of the telescope. Align it to view the hole in the 
back of the secondary mirror. 

4) Install flat alignment mirror TS2. Adjust the mirror and/or 
the auto collimator for autocollimation. Uncage and rotate the 
outer gimbal through its travel range and note the motion of the 
target relative to the reticle. Adjust the mirror to a new posi- 
tion, and readjust the auto collimator for £ •• icollimation. 

Repeat the rotation check. Iterate until the target remains 
stationary during rotation. 

5) Focus the autocollimator on the mirror surface. Rotate the 
bearing. Note the center of rotation relative to the crosshair. 
(A mark placed on the mirror may make this observation 
easier. ) Translate the autocollimator until the crosshair 
coincides with the center of rotation. 


6) Repeat steps 4 and 5 until no motion is apparent in either step. 

7) Remove the alignment mirror TS2 from the bearing center. 
Install fold 4 and fold 5. Install the reticle in fold 3. Adjust 
fold 4 and fold 5 until the autocollimator crosshair is aligned 
to the reticle in fold 3 and the center of the primary and 
secondary mirrors. 

8) Focus the autocollimator to infinity. The target reflected from 
TSl should be visible. Rotate the outer gimbal and note any 
motion of the target. 

9) Adjust the fold 4 and fold 5 to obtain the best compromise 
between the alignment in step 7 and minimum motion in step 8. 
Record the angular excursion of any motion in step 8. 


A. 8 ALIGNMENT OF FOLD 2 

The system should be set up as in step 9 of the above procedure, 
wxth the following steps; 

1) Cage the outer gimbal in a convenient position where the inner 
gimbal is free to rotate. 

2) Check to be sure the auto collimator is still aligned to TSl. 

3) Uncage and rotate the inner gimbal through its full range. Note 
any target motion. 

4) Adjust fold 2 to a new position. Readjust TSl for autocollimation. 

5) Repeat steps 3 and 4 until there is no relative motion in step 3. 


A. 9. ALIGNMENT OF FOLD 1 

Continue from step 5 of the above procedure; 

1 ) Remove TSl , 

2) Rotate the outer gimbal until the line of sight emerging from 

fold 2 is nearly parallel to the table. 

3) Set up a large flat mirror to intercept this line of sight. This 

mirror should be elevated above the table so that only the lower 
portion is used (see Figure A-4a). 

4) Adjust the flat for autocollimation. 


5) Using the resolver readout, rotate the outer gimbal 90® to the 
position shown in Figure A- 4b. 

6) Install fold 1 on the inner gimbal. Rotate the inner gimbal to 
view the large flat, as shown in Figure A-4b. 

7) Adjust the inner gimbal position and shim fold 1 until auto- 
collimation is achieved. 




FIGURE A-4. MIRROR ALIGNEMNT 




APPENDIX B. HETERODYNE RADIOMETER 
PERFORMANCE ANALYSIS 


B. 1 INTRODUCTION 

This appendix provides a performance analysis of the heterodyne 
radiometer in a convenient form for making preliminary estimates of system 
sensitivity. To simplify the derivations, it will be assumed that the signal in 
an IF filter is unmodulated and centered in the filter band. The bandpass 
characteristic of the IF filter is assumed to be rectangular. While the analy- 
sis can be carried through for more general signals and more general IF 
bandpass characteristics, the derivations are notatlonally somewhat more 
awkward, and the results require considerable care for proper interpretation. 
The analysis under the simplifying assumptions stated above displays the 
essential features of the heterodyne radiometer and yields results substan- 
tially equivalent to those for the more general case; in fact, the important 
features of the device are more readily comprehended when freed from the 
analytical complications of the more general case. The analysis is extended 
to remove the simplifying assumptions in the latter part of the discussion. 

B.2 TOTAL POWER HETERODYNE RADIOMETER 

Consider first an idealized heterodyne radiometer in which the receiver 
gain is not subject to drift or fluctuations. In this case, chopper stabilization 
is not required, and all the received power can. be employed efficiently. One 
begins by obtaining an expression for the output signal -to-noise ratio of such 
a total power radiometer. Let the signal have the form 


S(t) = A cos Ztrf t (1) 

o ' ‘ 


and let the noise be represented as 


Here is the center frequency of the IF filter and X(t) and Y(t) are 
independent stationary gaussian processes with zero means and low pass 
power spectra. The bandwidths of the X(t) and Y(t) processes are half the 
bandwidth of the IF bandpass noise, N(t), and their spectral densities are 
twice that of N(t). 


F(t) represents the time average of F(t). It is well known that 


X^(t) = Y^(t) = 


( 3 ) 


2 

where (Tjy^ is the average power of the noise, ri(t). 


N^(t) = 


(4) 


Also write 


4i^(r) = F(t)F(T + T) 


(5) 


for the correlation function of F(t). If G(f) is the spectral density of N(t) and 
the frequency f is measured with respect to the center frequency, f^, the 
spectral density of the low pass function X(t) (and similarly for Y(t)) is simply 
2G(f) where now f is measured from f = 0. Note that, as here defined, G(f) 
for negative values of f merely refers to the spectral density of N(t) for fre- 
quencies less than the IF center frequency, f . Also needed is the spectrum 
corresponding to the correlation function 4'jr‘^T), This will be a low pass 
spectrum with spectral density given by 


G^d) = 2 J G{i + v) C{v)d^ 


( 6 ) 


2 2 

For the calculations to follow, the values of X (t)X (t +t) and simi- 
larly for Y(t) are needed. To evaluate this expression, which is merely 
the time average is evaluated as an ensemble average. 


4; 2(t) = X>)X^(t +T) = E{X^(t)X'^(t +t)[ 


(7) 
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where E { } is the expectation operator. Let X,, X., X., X. be variable- 

with a multivariate gaussian distribution. Then ^ ^ ^ 

EjXiX^X^X^) = EjXjX^l EjX^X^} + ^{^ 2^41 


(8) 


+ EjXjXj E{X X3( 


By using Equation 8, 


E|x^(t)X^(t +t)} = E{x^(t) ( E|x^(t +t )}+ 2[EjX(t)X(t +t)[] 


(9) 


Since e{x (t) | - E|x (t + t ) J Equation 8 be 


jcomes 


Efx2(t)x2(t +T)( = 0- 4 2^ 


N 


( 10 ) 


Insertion of the results of Equation 10 into Equation 7 yields 




( 11 ) 


completes the summary of the analytical machinery required for 
the derivations to follow. While the results are all well known, citing them 
in the context of the problem at hand will facilitate following the derivations. 

derivation for the case of the total power radiometer is 
also to be found, in another context, in a number of literature sources. How- 
f'lT’"' desirable to give the derivation for the total power radiometer in 
full rather than merely citing the literature since an understanding of this 
derivation simplifies following the corresponding derivation for the Dicke 
(chopped) radiometer. 


and 2) 


The total intermediate frequency signal, l(t), is (from Equations 1 


I(t) — S(t) + hi(t) - I X(t) + a| Cos 2Trf t + 


Y(t) sin 2irf t 

o o 


(12) 
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To simplify the derivation and obtain explicit expressions for the signal and 
noise outputs of a receiver, it will be convenient to suppose that square-law 
detectilon is employed. It can be shown that the threshold pe;;formance of the 
heterodyne radiometer is substantially unaffected by the choice of the detec- 
tor law; this is the case because, at low input signal-to- noise ratios, all 
envelope detectors act in 'substantially the same manner independent of the 
precise detector law. Since the square-law detector permits an explicit 
analysis valid for all IF signal-to-noise ratios, its use for this analysis will 
facilitate interpretation of the results to be obtained. 

The output of the square-law detector, D(t), will be proportional to 
the square of the envelope of the IF signal. Since the concern here is only 
with signal-to-noise ratios, proportionality factors may be neglected and, by- 
use of Equation 12, the detector output may be taken to be given by 


D(t) = JX(t) + a( + Y^(t) (13) 


The right-hand side of Equation 13 can be written in the more useful form 


D(t) = X^(t) + Y^(t) + 2AX(t) + A^ (14) 

? 2 

The X (t) + Y (t) term is due to noise, N(t), beating with itself in the detec- 
tor; accordingly, it is called the noise- cros s- noise term. The term 2AX(t) 
results from the noise beating with the signal; consequently, it is referred 
to as the signal-cross-noise term. The term A^ results from the signal 
beating with itself in the detector. 

The right-hand side of Equation 14 is now examined to determine 
what changes one may expect to observe in the detector output in the presence 
of a signal. When only noise is present, the dc output of the detector will be 


/nnnr> _ 

Dj^(t) = X^(t) + Y^t) = 2o-j^^ 


(15) 


"WTaen signal is present, the dc component of the detector output becomes 


orvnrvnn vw% ^ 

Dj^^g(t) = x^(t) + Y"(t) + 2AX(t) + A 


(16) 
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Since X(t) has a zero mean, the right side of Equation 16 reduces to 


r>nnr>nr\ y 


2 <’vw\ o 

+ A'" = Dj^(t) + 


( 17 ) 


Detection of the presence of the signal, S(t), is recognized bv the 
increase in the dc output of the detector. However this increase 

?heTuct caused by the noise terms in the detLtor^o^ 

In the ffrm * more readily by writing Equation 14 


D(t) - [jX^(t) - ^ - o-N^f + 2AX(t)] + 2^^^ + 


(18) 


^ f^J^ation 18, the term in square brackets is the fluctuating noise Note 
that the signal- cross-noise term contributes to the output fluctuation The 
detector output must be heavily filtered to remove the Lajor portion of 
ratio'!^^'''® noise power, and hence to enhance the output signal -to -noise 

f ^° P^°ceed further, the spectrum of the fluctuating noise in the 

"aust be determined. It is readily seen that the three terms 

Tre LddiUve'^''^TL uncorrelated, so that their spectral densities 

are additive. The spectral densities may readily be determined from the 

corresponding correlation functions. For brevity, write tne 

Xj(t) = X^{t.) - 


Yj(t) = Y2(t) - cr^2 


(19) 


Then 


- ^i(t)X^(t + T) = X (t)I?(t + t) ^ 


X (t +t) + cr^ = 


( 20 ) 


N 
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Reference to Equation 11 shows that Equation 20 may be written as 




( 21 ) 


with similar results for Yj. Since X(t) and Y(t) have identical distributions 
the correlation function corresponding to the fluctuating portion of the noise- 
cross-noise components in the detector output, ), may be written as 


(t) = 4V(t) 


X 


( 22 ) 


The correlation function of the signal-cross-noise fluctuations, 
seen at once from Equation 18 to be given by 


+X<^> 


(23) 


From Equations 22 and 23, the correlation function of the fluctuating noise 
at the detector output, i|Jj^(t), may be written as 


4>j^(t) = 4|4^2^(t) + A^i|;^(t)} 


(24) 


From Equations 6 and 24 and the observation that the spectral density of X(t) 
is 2G(f), it may be seen at once that the spectrum of the fluctuating noise out- 
put of the detector has a density, G^(f), given by 


Gj,(f) = 8 


[ 


G(f + v)G(v)dv + A'^G(f) 


On noting that the IF signal power, Pg, is given by 


Ps = 


( 26 ) 
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it is seen that the right-hand side of Equation 25 can be rewritten as 


Gd(£) 


= 8 


I /-0 


G{f + V )G(v)dv + 2Pc G(f) 


( 27 ) 


The noise output of the radiometer is the result of passing the detec- 
tor output through a low pass filter. The bandwidth of this filter will be very 
narrow relative to the width of the IF noise spectrum, and hence of the video 
noise spectrum given by Equation 27 . Accordingly, the noise power output^ 
of the radiometer may be calculated merely by multiplying the noise bandwidth 
of the video output filter. By, by the fluctuating noise spectral density at 
f = 0; that is, with adequate accuracy, the approximation may be made 


Gp(£) = Gp(o) 


(28) 


and the output mean square noise power of the radiometer, 
video noise), calculated as 


(VN for 


VN 




(29) 


From Equations 29 and 27, then 


VN 


= 8 


1 / 


G^(v)dv + 2PgG(o) 


B 


V 


(30) 


Thus far only the syrnmetry of the IF bandpass characteristic about 
the filter center frequency has been used. At this point, it will be convenient 
to render the result expressed by Equation 30 somewhat more specific by 
making explicit use of the as sumption that the IF filter has a perfect rectangu- 
lar bandpass of bandwidth Bj^; note that in this case Bjp^ is both the noise 
bandwidth of the IF filter and the bandwidth as measured by, say, the 3 dB 
points. In the more general case of an arbitrary bandpass characteristic, 

Bt-tp must be understood to refer to the IF noise bandwidth. Let I he the 
spectral density of the IF noise, N(t)» Then, for the rectanguiar filter case 
and with the convention that f is measured from the IF center frequency, G(f) 

is givenby 
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for ..-Bjj, < £ < iSjj, 
for|f|>lBjj, 


Hence, one has G(o) - t and 

o 


Jg^{v)6v= 1^2 


from which Equation 30 may be rewritten in the form 


"vn' = 8{C®IP + 

= »{(W + 


^o®IF noise power, Equation 33 becomes 






at^te“et;cmi^'uTput?&;g“ given signal component 


P = 4P * 
VS s 


From Equations 34 and 35 the output signal -to-noise ratio -rr^o u 

expressed in terms of the IF signal-toloise ra^i^! ^ 







( 36 ) 


2 

Since Pg / "'n signal-to-noise ratio. Equation 36 can be 

rewritten in the more useful form 



This is the desired result for the total power radiometer, which will serve 
as a standard of comparison. 


B. 3 DICKE RADIOMETER 

In practice, gain fluctuations and drifts limit the applicability of the 
total power heterodyne radiometer. This is a familiar problem in radio 
astronomy where a signal chopping technique is frequently employed to reduce 
the receiver gain stability requirement to an achievable value. The resulting 
receiver, known as a Dicke radiometer, in effect automatically references 
the signal component of the detector output to the receiver noise power. The 
same technique is applicable in the present instance, although the signal 
source for this case differs in some essential respects from the broadband 
noise which, in the radio astronomy case, occupies the entire IF bandwidth 

of the receiver independent of the choice of this bandwidth. 

The Dicke radiometer operates as follows for the case at hand. The 
received optical signal is periodically chopped at the input to the optical 
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detector. The result of this chopping action is to produce a modulation of the 
IF detector output at the chopping frequency. The IF detector output is ac 
coupled to remove the large component of the detector output due to the dc 
component produced by receiver noise-cross-noise products. This ac coupl- 
ing may be accomplished by a high pass filter, a transformer, or a bandpass 
amplifier tuned to the fundamental of the chopping frequency. The output of 
the circuit which removes the dc component of the IF detector output is then 
synchronously detected with respect to a reference signal synchronized with 
the chopper, and the synchronously detected signal is passed through a low 
pass filter to provide the desired radiometer output signal. 

The optical chopper is basically a signal modulator. It can be sho\yn 
that the optimum signal modulator is simple on-off chopping with a 50 percent 
duty factor, and this form of signal modulation will be assumed in the analysis 
that follows. It can also be shown that the radiometer sensitivity is maxi- 
mized when all the harmonics of the modulation frequency at the IF detector 
output are passed to the synchronous detector and when synchronous detection 
is performed with respect to a square wave reference signal. Use of the 
tuned amplifier preceding the synchronous detector produces a degradation 
of about 0.9 dB in output signal-to-noise ratio relative to the case in which 
all harmonics of the chopper frequency at the IF detector output are passed 
to the synchronous detector (frequently called a synchronous rectifier by 
radio astronomers). Since the object is to maximize output signal-to-noise 
ratio and since transformer coupling provides a simple way of suppressing 
the dc component of the IF detector output while passing the harmonics of the 
chopping frequency, it will be supposed that dc suppression is effected with- 
out deletion of the chopping frequency harmonics in the analysis to follow. 

Actually, suppression of the dc component of the IF detector output 
prior to synchronous detection is not necessary in principle since this dc 
component will be suppressed by the synchronous detection process. How- 
ever, for the threshold signal case, the signal component at the detector 
output is so small relative to the dc level produced by noise that the balance 
requirements on the synchronous detector become prohibitive unless some 
form of dc suppression is employed. 

In analyzing the performance of the chopped (Dicke) radiometer, let 
C(t) be the chopper modulation which may be considered to be a periodic 
function equal to unity for the first half of the chopping cyej.e and equal to 
zero on the latter half. With this notation, the IF signal, I(t), can be repre- 
sented in the form 

i(t) 
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= C(t) S(t) + N(t) = Jx(t) + C(t)A} cos 2TTf^t 


(38) 


+ Y(t) sin 2iTf^t 


Here use X(t) rather than I(t) as in Equation 12 . to distinguish the chopped case 
from the case of the total power radiometer, (This tilde convention will be 
used in the sequel when it is important to emphasize the distinction. ) Equa- 
tion 14 for the output of the IF square- law envelope detector now becomes 


D(t) = x\t) + Y^^(t) + 2AC(t)X(t) + C^(t)A'^ 


(39) 


The dt, component of the detector output is, according to Equation 39, given 

by 


/nnnr\ nor>r\ „ 

D(t) = X"^(t) + Y^(t) + C^(t)A^ 


= 2.^2 +iA2 


(40) 


From Equations 40 and 41 it can be seen that, after suppression of the dc 
component of the detector output, the input to the synchronous detector, F(t), 
is given by 


F(t) = ix^(t) - + 2AC(t)X(t) 


+ ) c{t) - 


2 

where use has been made of the fact that G (t) = C(t). With the notation of 
Equation 19, Equation 4 1 can he rewritten as 


F(t) = Xj(t) 4 Y j(t) 4 ZAC(t)X(t) 4 j G(t) - | } A^ 


(42) 


Now consider the effect of the synchronous demodulator sync hr°^^^®d 
with the chopping frequency. When -a square wave reference is employed, 
the operation of the synchronous demodulator, up to an inessential proportion* 
ality factor, can be viewed as multiplication of the dc-suppressed detector 
output by R(t), where 
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for C(t) = 1 


1 

R(t) = 


-1 


for C(t) = 0 


(43) 


C(t) can be expressed, in terms of R(t) as 


C(t) = — 


Use of the expression for C(t) in terms of R(t), as given by Equation 44, 
permits Equation 42 to be rewritten as 


F(t) = Xj(t) + Yj(t) + A{i + R{t)(X(t) + ■|■R(t)A^ (45) 


On multiplication of F(t) by R{t) and use of the fact that R^(t) =1, it is found 
from Equation 45 that the synchronous detector output, H(t), has the form 

H(t) = j^R(t)Xj(t) + R(t)Yj(t) + A(1 +R(t)(X(t)] + -| A^ (46) 

Equation 46 is the analog, for the Dicke radiometer, of Equation 18 
for the total power radiometer. Th^ resemblance can be made even closer 
by introducing the functions Xj(t), Yj(t), and X(t) defined by 

Xj(t) = R(t)X^(t) 

Yj(t) = R(t)Y^(t) (47) 

X(t) = jl +R(t)(X(t) 

in terms of whidh the output of the synchronous detector (Equation 46) 

becomes 





( 48 ) 


= [X,(t| 


+ Yj(t) + AX(t)l + 


«'®^uare brackets are the noise terms. Each has s-ro 
citTnoi* ^ ^ noise-cross-noise terms and AX(t) is the 

signal-cross -noise term, all as modified by the switching action of fV. 
chronous detector. To obtain the output noLe spectrum"^hf ^rrelaHom"' 
^nction of the output noise is calculated. Examination of the definitions of 
x/n l' J X(t) and the properties of the underlying noise functions 

X(t) and Y(t) shows that the three terms in the square brackets in Fonaf aq 

the correlation function of the noise component°o''f 

of fb detector output is merely the sum of the correlation functions 

R(t) is uncorrelated 

become^^ preceding relations, the correlation functions of Xj(t) 


ijj~^(t) = R(t)Xj(t)R(t +T)Xj(t +t) = R(t7R'(?T^ 


= Xj(t)Xj(t +T) 


= (t) 


In the same way, it is found 




Finally, for the correlation function of X(t), 


- fl + R(t)}X(t) jl + R(t +T)[x(t + T) 


= { 1 + R(t) f |l + R(t + t) I • xjti'x^^ 
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In principle, determination of tlie spectra of Xj(t), Yj(t), and X(t) 
requires taking the Fourier transforms of the products of the correlation 
functions which appear in Equations 49, 50, and 51. While these calculations 
can be carried out explicitly, there is anotlxer means, in this case, for 
determining the power spectral densities which provides more physical 
insight into the operation of the chopped radiometer. The spectral widths of 
Xj(t), X^Xt), and X(t) are very large relative to that of R(t); more explicitly, 
the spectral widths of the X*s are of the order of Bjjr/2 or greater, while all 
the significant power in R(t) is confined to a total spectral range equal to a 
few times the chopping frequency. The correlation times of Xj(t), X 2 (t), and 
X(t) are thus of the order of Bip- 1, and the correlation functions ixilT), 

all practical purposes, vanish for all t greater 
than a few times By contrast, 4 ^d(t) will be, for all practical pur- 

poses, effectively constant and equal to ^r(o) for all values of t in the region 
where significantly different from zero. This 

follows either from the fact that the sensible spectrum of R(t) is confined to 
the first few harmonics of the chopping frequency or from examination of the 
explicit expression for which is readily seen to be given by. 


= 1 - 4 li' for lT| < T/2 (52) 


where T is the chopping period. is periodic with period T, and hence 

determined for all t by its values on |t| < T/2; it is unnecessary to use this 
fact in the following argument. 

Since4jj^j(T), are, for all practical purposes, zero out- 

side of the region where ^(t) is effectively constant, one has, from Equa- 
tions 49, 50, 51, to an adequate approximation 


4^5^^ (r) = (t) 

and 

= { 1 + +R(o)f4'x(^) 


(53) 


(54) 


As 4 ^£^(o) - 1, Equations 53 and 54 now become 

= +Xj(t) (55) 
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and 


^x(t) = 24;^(t) 


X' 


(56) 


f functions on the right side of Equations 55 and 56 are iden 

tical to those encountered in the analysis of the total power radiometer^ 
eference to Equation 48 and the results obtained previously now shows’ that 

the correlation function, of the fluctuating n^oise at the outnut o^ the 

synchronous detector is given by « tne output of the 


(t) 


X 


(57) 


From Equation 6 and the fact that the spectral density of X'(t) is 2Gm 

i;:c?:rouip°u';rG7,: -3 


GH(f) = 4 


/ 


G(f + v)G(y)dV + A^G(f) 


= 8 


(58) 


f 


G(f + V) G(v) d V + P„G(f) 


where, in the extreme right-hand side of Equation 58, use has been made of 
Equation 26. On using the approximation Gpilf) = Gtt(o) which is valiH frsy 

the range of frequencies passed by the output filter S bandwidth and 

Equation 32, the output noise power, becomes -t^V-and 


VN 


- 


®1F ^ S ) 


B 


V 


( 59 ) 


resuft Equation 33 was transformed to Equation 34, the 

lesult expressed by Equation 59 can be rewritten in the form 


B-15 





B, 


+ P 


SI B 


IF 


(60) 


From Equation 48, the dc component of the synchronous detector out- 
put due to the signal is A.2/2 = Pg; thus the output signal power is Pg . From 
this observation and Equation 60, the output signal-to-noise ratio of the Dicke 
radiometer, (S/N)y, becomes 









B 


V 



(61) 


Equation 61 can be written in the more useful form 



(62) 


It is instructive to compare the performance of the Dicke radiometer 
with that of the total power radiometer. To this end. Equation 62 maybe 
rewritten in the form 
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( 63 ) 


Observe now that 


2 ©IF 


is just the average Signal-to-noise ratio in the IF filter when account is taken 
?. chopping action. With this interpretation, the right-hand side of Equa- 
tion 63, and hence also Equation 62, is equivalent to that of Equation 37 for 
the total power radiometer. From this observation, it is clear that the price 
stabilization of the receiver is a 3 dB loss of sensitivity and 
that this sensitivity loss results from the fact that the chopper (with the opti- 
mum choice of the chopper modulation function) suppresses precisely half of 
the received signal power. 

B.4 EXTENSION TO ARBITRARY SIGNALS AND IF BANDPASS 
CHARACTERISTICS 

4 .-U 4 . 4 .-U apparent from consideration of typical values for the ratio Brir/BTr 

that the threshold signal case always occurs for the applications of preset 
interest when (.,/N)jp << 1 . Under these circumstances. Equations 37 and 62 


(n)v“ Un) 


B 


IF 


IF 



(64) 


for the total power radiometer and 



B 


IF 

V 


« 1 


(65) 


IF 


for the Dicke radiometer. It is a remarkable fact that, for (S/N)t-p « 1 
these equations remain valid, with proper interpretation, for much more 
general signal characteristics than those for which the foregoing derivations 
have been given; namely, a sinusoidal signal centered in the IF passband The 
purpose of the following discussion is to show that this is indeed the case. 

TIT j 4 . in the IF filter (more properly, at the Input to the 

IF detector) to have the form 


S(t) = A(t) co s j2irf t - 
' o 


a 


( 66 ) 
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This is a general representation which encompasses any combination of 
amplitude and frequency modulation. It also includes the case where the 
signal center frequency is offset from the IF center frequency; such an off- 

inclusion of a linear term in the phase function 
cvlt). Now write S(t) in the form 


S(t) - A(t) cos a(t) cos Zirf t + A(t) sin a(t) sin 2irf t 

o o 


(67) 


By use of Equations 2 and 67, it follows that, for the total power radiometer, 
S(t) + N(t) = I X(t) + A(t) cos Q'(t)| cos 2Trf t 

( 68 ) 

+ |Y(t) + A(t) sin Q'(t)| sin 27 rfQt . 

From Equation 68, it is found that the output of the square law detector has 
the form 


D(t) - |x(t) + A(t) cos Q-(t)p + |Y(t) + A(t) sin a'(t)|' 


- X^(t) + Y^(t) + 2X(t)A(t) cos fy(t) + 2Y(t)A(t) sin o'(t) 


+ A (t) I cos n(t) + sin^ o'(t)| 


(69) 


Equation 69 may be further rewritten in the form 


D(t) = 


|x (t) - J + ^Y (t)— 0- + 2X(t)A(t) cos o'(t) 


+ 2Y(t)A(t) sin ck-(t) + 


2 

A^(t) - A'^(t) 


2 

+ + A^(t) 
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EqaaticaJS compared with that of 




(t) 


teTm^^ noise-cross-noise products formed in the detector. The 


2X(t)A(t) cos a(t) + 2Y(t)A(t) sin a(t) 
is the signal- cross-noise term, while the term 


P ryrvnrt 

A'^(t) - A^(t) 


lU*‘!taeu‘“"^L7l/Nr 1 

J 4 -i • ' , « 1, the contributions of the signal-cross nnul. 

signal-cross- signal terms to the spectral density of the fluctuations 
in the detector output in the region of f = 0 will be very small relative to the 
contribution from the noise-cros s-noise terms. Accordingly to a good 
approximation, one need only consider the contributions frcim the noise-cros = 
noise terms in calculating the output noise from the radiometer. With this 
pproximation, one will have, by the same arguments used previously. 




(71) 


The da portion of the signal output is, from Equation 70 A^ftl 
Reference to Equation 66 shows that . » I h 


= S'^(t) = jA/(t) 
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so that 


rvw> 

A^(t) = 2Pg (73) 


where Pg is the signal power in the IF filter. Equations 72 and 73 correspond 
to Equation 26 for the case of the simple sinusoidal signal. From Equations 71 
and 73, the radiometer output signal-to-noise ratio becomes 



Equation 74 can now be expres sed as 



which is identical to the assertion of Equation 64. 

The argument proceeds in the same manner for the Dicke radiometer, 
beginning with the analog to Equation 39 obtained by using the more general 
signal given by Equation 67. Neglect of all fluctuating components, except 
those produced by the noise beating with itself and by the action of the chopper, 
leads by means of the same approximations used previously for the correlation 
functions to the result 



which is the assertion of Equation 65. 


The preceding arguments for the case of an arbitrary signal at the 
input to the IF detector clearly show that, as regards the detection of thresh- 
old signals, the operation of both the total power and the Dicke radiometers 
depends only on the signal power at the input to the detector and not on the 
details of the signal structure. This is not the case at higher IF signal-to- 
noise ratios where the signal-cross-noise and the fluctuating portion of the 
signal-cross-signal terms at the detector output become significant. 
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It is of some interest to observe that the only essential use made of 
the assi^ed rectangular IF bandpass characteristic in the preceding analysis 
was in Equation 32 in which ^ cttysis 


/' 


G^(v)dv 


was evaluated in terms of the noise spectral density at band center and the 
noise bandwidth of the IF filter. The corresponding equation, 


r 


j 


G(v)dv = 


(75) 


is equivalent to the definition of the IF noise bandwidth, and hence is valid 

(unimodal and, by hypothesis, symmetric about band center) 
IF filter. For anything other than an idealized rectangular bandpass charac- 
teristic, use of Equation 32 overstates the spectral density of the noise-cross, 
noise products at f = 0. To see this, it is observed that, in the general case. 


/' 


G^(v)dv < A 


/: 


G(v)dv = C 


IF 


(76) 


and it is noted that the condition for equality to hold in Equation 76 is that 


G ( v) = ^G( V) 


(77) 


Equation 77 r^uires that G(v) have the value 0 or and this condition 
equivalent to the assumed rectangular IF filter characteristic. A careful 
examination_of the approximation made by Equation 32 in the general case 
shows that this approximation will be worst for bandpass characteristics 
which fall Off slowly beyond the essential filter bandwidth 


is 
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case, 


To account for the approximation of Equation 32, write for the general 




(78) 


where is the IF filter noise bandwidth. The IF shape factor, p, will be 
of the order of unity, but its precise value will depend on the details of the 
IF filter. In any case, p S 1, and the strict inequality will hold for any phy- 
sically realizable filter. Straightforward calculations yield the following 
values for p for illustrative filter characteristics 


(3 = 


Jz 

2 


single-tuned filter 


gaussian filter 


rectangular bandpass filter 


(79) 


If the IF filter consists of several synchronously tuned stages, the value of p 
for a gaussian filter will provide a very good approximation. 

For reference purposes. Equations 37, 62, 64, and 65 are given 
below with the correction factor p defined by Equation 78 included. 


i 


IF 


V 


P + 2(|l 


IF 


B, 


IF 

V 
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J 
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IF 


IF 


IE 

V 


( 81 ) 
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1 


(82) 



(83) 


Performance estimates obtained using p = 1 will be somewhat conservative. 
For the single tuned IF filter, this conservatism corresponds to a change of 
1,5 dB in the IF signal-to-noise ratio required for a given video output signal- 
to-noise ratio, while the corresponding change in required IF signal-to-noise 
ratio will be only 0.75 dB for the gauss ian IF filter. Since the gaussian IF 
filter will be a reasonable approximation for most cases of interest, the 
error incurred by neglecting the correction factor (3 will be small enough to 
be ignored for most purposes . 

Finally, the tacit assumption has been made in the preceding analysis 
of the Dicke radiometer that the IF noise is independent of whether the chopper 
is in the on or off position. While this is not precisely true, it is such a good 
approximation for an infrared heterodyne radiometer that the error incurred 
in estimating the radiometer performance using the results here derived will 
be completely inconsequential. 
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